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Abstract
The REgolith X-ray Imaging Spectrometer (REXIS) is a joint effort by MIT and
Harvard to build the student-collaboration experiment aboard OSIRIS-Rex, an aster-
oid sample return mission sponsored by the NASA New Frontiers program. OSIRIS-
REx is scheduled to launch to near-Earth asteroid Bennu in 2016. REXIS is a
coded-mask imaging X-ray spectrometer that supports the missions scientific goals
by globally and spatially mapping the soft X-ray emission spectrum of Bennu. X-rays
corresponding to unique elements are fluoresced from the asteroid by incident solar
radiation and enter the instrument through a coded-aperture mask composed of a
psuedorandom pinhole pattern. The X-rays that pass through the mask strike an
array of four charge-coupled devices (CCDs) that detect the incident photon energy
and location on the imaging array. A spatial map of selected elemental abundances on
Bennu is constructed by cross-correlating the mask pattern with the collected data.
The CCDs are integrated into a Detector Assembly Mount (DAM) that serves
three critical functions: Mechanical alignment, calibration and protection of the
CCDs. In this thesis we outline the overall design of the REXIS DAM with a fo-
cus on its three main functions. Chapter 1 provides background on the OSIRIS-REx
mission and the REXIS instrument. Chapter 2 discusses the adaptation of the AXAF
CCD Imaging Spectrometer (ACIS) focal plane mechanical design and X-ray Imaging
Spectrometer (XIS) flexprint electrical design for the REXIS DAM. Chapter 3 outlines
the heritage of the DAM internal calibration sources from XIS and the MIT MicroX
project. Driving science and engineering considerations for a calibration scheme are
described and then used to inform the mechanical design of a novel calibration set for
the REXIS DAM. Chapter 4 illustrates the need for protection from the space envi-
ronment and analyzes the specific risks to the detectors and DAM in space. Special
coatings and a one-time deployable radiation shield are used to protect the assembly
and ensure integrity of REXIS science data. Chapter 5 describes the test performed
to validate the CCD alignment scheme and the dynamic model of the radiation cover.
Chapter 6 summarizes the key results of the present work and outlines plans for future
work on the DAM.
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Chapter 1
Introduction
1.1 Background
1.1.1 OSIRIS-REx
NASA’s New Frontiers-sponsored missions aim to advance humanity’s knowledge
of our solar system by investigating five key questions as outlined in the NASA Science
Mission Directorate’s Solar System Exploration Roadmap with “frequent, medium-
class spacecraft missions [. . . ] on an average of one every 36 months.”[1] The questions
New Frontiers missions will investigate are[2]:
1. How did the Sun’s family of planets and minor bodies originate?
2. How did the solar system evolve to its current diverse state?
3. What are the characteristics of the solar system that led to the origin of life?
4. How did life begin and evolve on Earth and has it evolved elsewhere in the solar
system?
5. What are the hazards and resources in the solar system environment that will
affect the extension of human presence in space?
The Origins, Spectral Interpretation, Resource Identification, and Security Re-
golith Explorer (OSIRIS-REx) is a New Frontiers mission that will provide answers
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to all of these questions. OSIRIS-REx will travel to near-earth asteroid (NEA) 101955
Bennu (formerly 1999 RQ36) in 2016, rendezvous with the asteroid in 2019, and the
sample return capsule will return to Earth in 2023.
We can break down the OSIRIS-REx acronym to discuss why Bennu is an excellent
target for the mission:
• Origins: Bennu is believed to be a B-type asteroid based on spectral classifi-
cation; these asteroids are relatively rare and contain primitive carbonaceous
material dating back to before the formation of our solar system. Bennu is also
most likely to be a CI or CM-type carbonaceous chondrite[3].
• Spectral Interpretation: The satellite will fully characterize the asteroid spec-
trum in the far-infrared, near-infrared, visible, and X-ray wavelengths[4].
• Resource Identification: The satellite will map the global chemistry and miner-
alogy of Bennu[4].
• Security: A recent study has shown that Bennu may impact the Earth any of
eight times between 2169 and 2199, and one of the purposes of this mission is
to obtain better shape and orbit models of the asteroid in order to refine these
predictions[5].
• Regolith Explorer: The satellite will return at least 60 g of Bennu’s surface
regolith to Earth. B-type asteroids are not currently represented in NASA’s
meteorite collection[6]. Sample return is the primary mission goal of OSIRIS-
REx.
OSIRIS-REx has six payloads to support these mission goals:
• Touch-And-Go Sample Acquisition Mechanism (TAGSAM): An articulated arm
that touches down on the surface of Bennu to collect at least 60 g of material
from the asteroid’s surface for return to Earth[7].
• OSIRIS-REx Camera Suite (OCAMS): A set of three cameras designed to image
the asteroid in the visible wavelengths during all mission phases, from approach
20
to the asteroid to the time of sample acquisition[8].
• OSIRIS-REx Laser Altimeter (OLA): A scanning LIDAR instrument that maps
the surface topology of Bennu and provides ranging data[9].
• OSIRIS-REx Visible and IR Spectrometer (OVIRS): A near-infrared (0.4-4.3µm)
spectrometer that provides spectral information about minerals and organic
compounds globally across the entire asteroid as well as locally at the sample
site[10].
• OSIRIS-REx Thermal Emission Spectrometer (OTES): A far-infrared (4-50µm)
spectrometer with the same general capabilities as OVIRS but designed to mea-
sure longer-wavelength emissions[11][12].
• REgolith X-ray Imaging Spectrometer (REXIS): A soft X-ray (0.5-7.5 keV) spec-
trometer that globally and spatially maps Bennu’s X-ray spectrum.
Of these, only REXIS will be discussed further in this work.
1.1.2 REXIS
REXIS is a student collaboration experiment aboard OSIRIS-REx whose devel-
opment and management is led by the MIT Space Systems Laboratory (SSL). The
engineering of the REXIS instrument is done primarily by students with supervision
and support from professional scientists and engineers at Harvard College Observa-
tory’s Center for Astrophysics, the MIT Kavli Institute, MIT Lincoln Laboratories,
and Aurora Flight Sciences. REXIS is the second payload to receive accommoda-
tions on a New Frontiers-sponsored mission to support NASA’s education and public
outreach initiatives. The first such payload was the University of Colorado-Boulder’s
Student Dust Counter, which is currently en route to Pluto as a part of the New
Horizons mission. The REXIS project is required to “directly engage students at
the undergraduate and graduate levels in the conception, design, implementation,
and operation of space flight instrumentation” as a part of OSIRIS-REx[13]. As of
writing REXIS has passed its Preliminary Design Review and is in the process of
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finalizing the design for the Engineering Model (EM) of the instrument. The EM will
be tested throughout the rest 2013 and into 2014 before the Critical Design Review
(CDR) at the end of February 2014. After CDR the design is considered final with
only minor changes allowed.
The current design of the REXIS instrument is shown in Figure 1-1. REXIS also
includes a peripheral instrument, the Solar X-ray Monitor (SXM), to measure the
solar spectrum incident on the asteroid. Discussion of the SXM design and theory of
operation is outside the scope of this work. As shown in Figure 1-1 the instrument
Figure 1-1: Current design of the REXIS instrument and the SXM (shown to
scale).
houses a detector assembly containing a 2 × 2 array of CCDs fabricated by Lincoln
Laboratories (LL). The CCDs are passively cooled via a radiator pointed at deep
space during the mission. The CCDs are connected via flexible circuit boards (also
known as flexprints) to the electronics box. The electronics box houses the circuitry
required to drive and read out the CCDs as well as a master FPGA board that
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controls REXIS power, command and data handling, and communications. Above
the CCDs sits a coded mask composed of square pinholes arranged randomly in a
circular pattern.
REXIS complements the goals of the four other scientific payloads aboard OSIRIS-
REx and provides context for the sample collection site by using coded-mask X-ray
spectroscopy to image Bennu in the soft X-ray range of 0.5-7.5 keV. REXIS has two
modes of operation: spectral mode and imaging mode. In spectral mode REXIS only
collects X-rays fluoresced out of Bennu and measures their energies. Spectral mode
outputs a total X-ray spectrum of Bennu and allows for determination of elemental
abundances relative to each other. Imaging mode relies on the X-rays from Bennu
passing through the coded mask to allow for mapping the elemental abundances to
specific locations on the asteroid. In both modes REXIS uses the sun as a primary
source of hard X-rays that are absorbed by Bennu. The incident solar flux is measured
by the REXIS SXM as a way of determining the “input” into the asteroid, and the
asteroid’s X-ray signature can be considered its “output.” The sun excites electrons
in the atoms on the asteroid’s surface. As the electrons relax to their ground energy
state they fluoresce a secondary set of soft X-rays with energies characteristic of
the elements they came from that are collected by REXIS. Fluorescence permits
identification of the elements and their abundances relative to each other and is
shown in Figure 1-2. In this figure an electron in an atom in its ground state E1
absorbs an energetic photon and is excited into a higher-energy state E2. When the
electron relaxes back to the ground energy E1 it emits a secondary photon with energy
E2 − E1.
All photons fluoresced out of Bennu must pass through the REXIS mask but if for
some reason the mask were damaged REXIS would still collect the photons. Because
the detectors can still collect X-rays without a mask REXIS can operate in spectral
mode during any part of the mission. The REXIS CCDs can measure the energy
of each incident photon from Bennu over all observation times. As a result even
without its imaging and mapping capabilities REXIS can determine the global X-ray
spectrum of Bennu. By comparing the heights of each spectral line the data allow for
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Figure 1-2: Atomic photon absorption and fluorescence process.
identification of the elemental abundances on Bennu relative to each other.
What makes REXIS unique and challenging to design is its ability to identify
elemental abundances on the asteroid and create maps of selected elements via coded-
mask spectroscopy while operating in imaging mode. An engineering model of the
REXIS coded-mask is shown in Figure 1-3. The REXIS mask has a pseudorandom
Figure 1-3: REXIS engineering model mask.
pattern of square pinholes cut into a 100µm-thick sheet of A286 stainless steel. The
pinholes are arranged such that the autocorrelation of the mask pattern is close
to the identity matrix, though some noise will always exist in the sidelobes of the
autocorrelation of the mask pattern (i.e. the autocorrelation matrix has non-zero
off-diagonal values). If the mask encodes enough noise then a Fast Fourier Transform
(FFT) can be used to determine the most probable direction incident photons came
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from. Although ray-tracing algorithms also are suitable for constructing maps REXIS
uses an FFT to interpret its science data.
Consider a group of X-rays passing through a coded mask in the direction normal
to mask plane. A shadow of the mask pattern will appear on the detectors and if the
mask and detector planes are parallel the pattern will not stretch or shrink as the
incoming photon directions change. The identity-matrix condition ensures each off-
normal direction is associated with a distinct shadow pattern. By cross-correlating the
collected data with the mask pattern via an FFT the most statistically-likely direction
of all photons seen by the instrument can be calculated. Associating measured photon
energies with a specific direction enables the construction of spatial X-ray maps of
Bennu.
1.2 Astronomical Detectors and Detector Assem-
blies
1.2.1 CCDs vs. CMOS Detectors in Astronomy
REXIS is essentially a digital camera that is optimized for imaging X-ray sources
in a space environment and therefore the choice of image sensor is critical to the
overall instrument performance. For directly measuring individual X-rays emitted
from Bennu a photon-counting detector is most appropriate (compared to, say, a
thermal detector such as a bolometer or a direct wavefront sensor). There are two
general photon detection architectures available for modern astronomical imaging:
complementary metal-oxide semiconductor (CMOS) sensors and charge-coupled de-
vices (CCDs). Both types of sensors rely on the photoelectric effect in which an
incident photon strikes a substance (silicon, in this case) and generates a number of
electrons proportional to the energy of the photon. Each pixel of a CMOS imager is
its own output circuit and usually includes an amplifier and other circuitry necessary
to convert the photon energy into a stable voltage. Any offsets from the signal are
then removed and the final result is digitized and sent out for further processing. A
diagram of this architecture is shown in Figure 1-4. In contrast, a CCD transfers an
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entire row of pixels into an adjacent row, front-to-back. At the last row the pixels
are read out sequentially, left-to-right. A diagram of this architecture for a standard
three-phase CCD is shown in Figure 1-5. Three-phase CCDs use a set of three clocks,
each 120◦ out of phase with each other, to move a row of pixels from the front of a
chip to the back.
Figure 1-4: Architecture of a CMOS imager. The CDS block shown here is
a circuit used to remove offset voltages, which for CCDs is done
off-chip. Picture taken from [14].
Although science-grade CMOS imagers are now widely available, CCDs have been
the industry standard for high-fidelity scientific applications since their initial use on
the Hubble Space Telescope[15]. CCDs are preferred for science applications due to
their spatial uniformity, compact circuitry, and low noise. In a CMOS sensor each
pixel has a dedicated output circuit and exhibits a different response between the
incident photon energy and the output voltage. In contrast, a CCD only uses one
output circuit for all pixels, so this response function is the same for each pixel. CMOS
sensors also take up valuable imaging area with all the circuitry required to read out
each pixel, reducing the area available for collecting data. CCDs are therefore more
suitable for wide-field astronomical telescopes because more pixels can fit on a chip
of given size compared to a CMOS sensor. Most importantly, the CCD architecture
is simply better suited for astronomical applications because they have much lower
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Figure 1-5: Charge-coupling action in a CCD. A series of clocks offset by 120◦
phase are used to transfer electrons from one row to the next ad-
jacent row during readout. At the final row the pixels are read out
from left to right through an output amplifier. Picture taken from
[15].
noise floors. When integrating data over an exposure period, the summing of electron
clouds generated by each photon in a CCD produces no noise since each pixel simply
traps all electrons that photons generate in it. Admittedly, some electrons are lost
in the charge-coupling process as well as during the readout stage. The losses from
charge-coupling compare favorably to CMOS devices since summing output voltages
from each pixel requires extra circuitry. The extra circuitry introduces much more
noise than CCD readout does. This advantage allows for CCDs to produce the high-
quality data required for research-grade science missions. In addition, these noise
characteristics permit CCDs to image much fainter and distant sources than their
CMOS counterparts.
1.2.2 Detector Assemblies
The primary focus of this work is the design and test of a suitable detector assem-
bly for REXIS. A detector assembly is a mechanical structure responsible for properly
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aligning the detectors relative to each other and mounting the aligned set of imagers
to the instrument while providing means for self-calibration and environmental pro-
tection. The primary sensors on REXIS are a 2 × 2 array of CCDs. The individual
CCD dies are extremely delicate and require mechanical support for handling pur-
poses and a dedicated mechanical structure for integration into a properly-aligned
multi-chip imaging array. Designing an assembly to mount and align imaging sensors
would be fairly simple if the sensors were to be used on Earth. However, a detector
assembly suitable for a space environment is much more challenging to design because
it must survive a rocket launch, tolerate a harsh interplanetary space environment,
and be able to calibrate itself while on-orbit. We have identified mechanical align-
ment, calibration, and space environment protection as the three main functions that
all detector assemblies, regardless of the type of sensor used or the mission profile,
must provide for a successful mission.
Mechanical Alignment
Mechanical alignment of the detectors with respect to each other as well as the
instrument’s optical axis is critical for ensuring that spatial maps of the asteroid are
reconstructed properly. Instruments in the infrared and visible wavelengths must take
into account alignment with respect to an opto-mechanical assembly. Such assemblies
range in complexity from a set of lenses to a structure containing not only lenses
but also mirrors, diffraction gratings, prisms, etc. Because REXIS uses coded-mask
imaging the only structure the detector array must be aligned with is the coded-
aperture mask. The ideal mask uniquely encodes a shadow pattern seen by the
detectors with a single direction of incident X-rays. If the CCDs are misaligned with
respect to each other and/or the mask then when exposed to an X-ray source the
detector array will see a different pattern than the one expected. Because coded-
aperture spectroscopy relies on convolving and deconvolving the science data with
noise, these types of instruments are fairly robust to this kind of misalignment. Still,
incident photons can be associated with the wrong location of origin on the asteroid.
If the mask translates or rotates in the plane of the detectors to the point where
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photons that enter through a mask pixel strike a different detector pixel than the
intended one the wrong direction will be encoded in the data. The same problem
can occur if the mask is too close or too far away from the nominal position above
the detectors. If the wrong point of origin on Bennu is encoded in the data REXIS
will produce incorrect X-ray maps of the asteroid. REXIS also bins its individual
detector pixels together to make larger pixels (also known as superpixels) so that
sufficient data for statistically significant analysis of the asteroid is available. The
gap between individual CCD imaging areas must be an integer number of superpixels
in order to simplify the REXIS data processing algorithms.
Calibration
The space radiation environment will permanently damage the CCDs on-orbit.
The detectors have different response characteristics after radiation exposure than
those determined during ground testing. The biggest hazard to CCDs in a space
environment is high-energy protons and neutrons hitting the detector and knocking
silicon atoms out of the lattice, which creates a vacancy point defect. The electron
cloud generated by an incident photon must be transported to the readout register
of the CCD via charge-coupling, and under typical as-received conditions each row
transfer of an electron cloud retains at least 99.999% of the electrons present in
the previous row. The nominal 99.999% parameter is known as the charge transfer
efficiency (CTE) of the CCD. Any vacancies in the CCD’s silicon crystal lattice will
strip away electrons from a cloud passing through during charge-coupling. CTE of
the detector decreases as more vacancies are created. In addition, the reported energy
of a photon will be lower than the actual value. For this reason the REXIS detector
assembly includes onboard calibration sources of known composition and activity
so that the effects of radiation damage can be monitored during the mission and
accounted for in the final science products. The sources are designed into the assembly
to target specific areas of interest on each CCD to provide a full characterization of
the CCD state. The source geometry is also optimized to provide constant flux of
radiation in the target areas in order to generate consistent calibration data.
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Environmental Protection
Environmental protection of the CCDs is a key concern because if left unchecked
the space environment will compromise the integrity of REXIS science data in four
different ways. First, all materials will absorb low-energy charged particles from the
space environment and could potentially discharge onto the CCDs and short them
out. Second, several years of cruise in a hard vacuum can lead to cold welding of
parts at mechanical interfaces. Third, the materials used on REXIS also generate
their own X-ray spectrum because like Bennu they also absorb incident radiation and
fluoresce photons that REXIS can observe. Fourth, as mentioned already radiation
will permanently damage the CCDs and decrease the fidelity of collected data.
The detector assembly and instrument are primarily made of aluminum and are
susceptible to surface charging because of aluminum’s poor electrical conductivity.
The CCDs will also charge up by absorbing charged particles in space. The potential
difference between the assembly and the CCDs could be enough to spontaneously
generate an electrostatic discharge (ESD). ESD is a major concern for CCDs since
high voltages will destroy electrical connections on the detector. Special coatings can
be applied to space structures that increase their electrical conductivity to mitigate
this risk.
REXIS has a deployable cover to protect the detectors from radiation during
cruise. The assembly is particularly susceptible to cold welding in different places
where metallic surfaces contact each other. Cold welding and related effects can also
be a concern during assembly and integration of hardware. As with surface charging
special coatings can severely reduce the risk of such these effects. The choice of
materials used for parts in mechanical contact can also affect the whether or not the
parts are likely to cold weld.
The self-generated X-ray background of REXIS will interfere with the instrument’s
ability to characterize Bennu if left unchecked. While all instruments generate their
own X-ray signature most sensors cannot detect this background because they are not
designed for observation of X-rays. The instrument’s self-generated X-ray background
will contaminate the science data, mostly around the aluminum spectral lines, in the
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absence of a method to screen out. Like the other issues mentioned here specific
coatings on the instrument are used to solve the problem.
A decrease in CTE will lead to broadening of spectral lines observed by REXIS.
Although the radiation damage is monitored with internal calibration sources the
amount of damage incurred by leaving the CCDs open to space without extra shielding
would degrade the spectral resolution of the CCDs to the point where REXIS cannot
distinguish neighboring spectral lines from each other. In general radiation levels
attenuate exponentially with the amount of mass between a radiation source and a
point of interest (in this case, the REXIS CCDs). In order to ensure that the CCDs
are not damaged beyond the REXIS spectral resolution requirements the instrument
must provide enough mass in all directions around the CCDs before observation of
the asteroid. Due to instrument mass limitations it is much more mass-effective to
provide most of this shielding in the detector assembly instead of through the REXIS
truss. The deployable cover is mounted over the coded mask and is responsible
for attenuating X-rays that enter through the top of the instrument before science
operations.
1.3 Thesis Outline
In this thesis we summarize in detail the contributions made to the overall design
of the REXIS detector array mount (DAM) and instrument with a focus on the
three main functions of the DAM described above. Chapter 2 introduces the REXIS
detectors and discusses the adaptation of the Advanced CCD Imaging Spectrometer
(ACIS) detector assembly mechanical design and X-ray Imaging Spectrometer (XIS)
flexprint electrical design for the REXIS DAM and detector packaging. Improvements
to these designs for REXIS are also discussed. Chapter 3 outlines the heritage of the
DAM internal calibration sources from XIS and the MIT MicroX project. Driving
science and engineering considerations for a calibration scheme are described and then
used to inform the mechanical design of a novel calibration set for the REXIS DAM.
Chapter 4 illustrates the need for protection of the CCDs from the space environment
and analyzes the specific risks to DAM performance. Design details intended to
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alleviate these risks are defined and analyzed to show their effectiveness. The design of
a custom one-time deployable radiation shield for REXIS is also presented. Chapter 5
details the tolerance stackup analysis required for validating the mechanical alignment
scheme for the DAM. The analysis is also used to show how the design of the DAM
should change if misalignment is found during future testing. In addition, static and
dynamic models of the radiation cover are constructed and validated by test. The
effects of changing design details in the hardware are isolated from each other and
explained by test data. Chapter 6 summarizes the key results of analysis and tests
and describes future work on the DAM and radiation cover for the next design cycle
of the instrument.
The chief contribution of this thesis is the blending of the most successful design
elements from ACIS, XIS, and MicroX into a simple integrated CCD module and
deployable radiation shield for interplanetary spaceflight. This work builds on the
heritage designs by incorporating new features designed to improve the performance
of the assembly, in particular the incorporation of low-cost custom radioactive calibra-
tion sources for which no comparable design exists in the literature. The author was
responsible for all the design (including both flight designs and test benches), mod-
eling, and data analysis presented here. The contributions made in this thesis would
not have been possible without the experience and guidance of those who developed
the designs REXIS adapts for its mission. The DAM design draws on heritage from
the AXAF CCD Imaging Spectrometer (ACIS), X-ray Imaging Spectrometer (XIS),
and MicroX projects. Key members of all three teams have lent their expertise to the
REXIS project as part of the DAM design process. The design of the radiation cover
does not have heritage to any specific design but was informed by the experience
and advice of NASA engineers who have designed similar mechanisms for previous
missions. Under the supervision of the author several undergraduate researchers were
responsible for the fabrication of prototypes and test benches and for carrying out
most of the actual tests. Anyone who significantly impacted the present work or have
graciously offered their knowledge and time in any number of manners are thanked
by name in the acknowledgments preceding this chapter.
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Chapter 2
Design and Mechanical Alignment
of the REXIS DAM
2.1 REXIS Detectors
REXIS uses a 2×2 array of CCID-41 (Charge-Coupled Imaging Device #41) CCDs
designed, fabricated, and packaged by MIT Lincoln Laboratories (LL). The CCID-
41 has a long history of use in on-orbit X-ray astronomy missions. The CCID-41 is
notable as the first CCD to introduce charge injection for mitigation of space radiation
damage. Charge injection is when sacrificial charge transports through the imager to
fill in traps that would otherwise remove electrons generated by science data and will
be discussed further in Chapter 4. The CCID-41 is no longer in production and the
MIT SSL has partnered with LL to fabricate eight flight-grade and four engineering-
grade packaged CCDs available from the existing lots for the REXIS project. An
individually packaged CCID-41 is shown in Figure 2-1.
The CCID-41 is a 1024×1024 pixel imager with each pixel measuring 24µm×24µm.
This CCD is particularly well-suited for REXIS for the following reasons:
• Heritage dating back to ACIS and XIS, with previous development before ACIS
as the CCID-10.
• The CCID-41 can be back-illuminated (BI), meaning that the CCD can undergo
an extra process to thin its back (non-active) side before it is mounted face-down
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Figure 2-1: CCID-41 in an individual Kovar package. The dark area at the top
of the CCD is the active imaging area, and the light area at the
bottom is the framestore.
on a CCD package. BI CCDs exhibit superior quantum efficiency and spectral
resolution in the soft X-ray regime compared to front-illuminated (FI) device,
which are not thinned and are mounted face-up.
• The CCID-41 has a framestore (the light area at the bottom of Figure 2-1)
where an image is quickly moved after an integration period before a slower
readout. The framestore is intended to be covered by a permanent light shield
as a part of the detector assembly. The framestore permits readout of a frame
while the next frame is taken without the need for mechanical shutters found
in most camera systems, which makes the instrument architecture relatively
simple. This feature is not unique to the CCID-41.
• The CCID-41 supports charge injection, which is critical to maintaining the
spectral resolution required to distinguish X-ray signatures of different elements
through the end of the mission.
The rest of this chapter describes the mechanical design of a package for these
detectors and their incorporation into an integrated detector assembly mount (DAM)
that provides mechanical and electrical interfaces with the rest of the REXIS instru-
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ment. Detector packaging refers to any mechanical support structure to which the
CCD dies are directly mounted. The CCD is a 730µm thick piece of silicon that
cannot be handled on its own and is required to be mounted to something more sub-
stantial for handling and alignment purposes. Four CCD packages are installed in
a mounting structure in a 2×2 array to establish the imaging area. Flexible circuit
boards, also known as flexprints, are used to connect the CCDs to their driving elec-
tronics. Flexprints are adhered to the package and usually wirebonded directly to
the CCD to create the electrical connections and must be routed through the DAM.
The REXIS DAM includes additional support parts beyond those needed for CCD
mounting and alignment. These ancillary features include internal calibration sources
and radiation shielding and will be discussed in Chapters 3 and 4, respectively.
2.2 Heritage Design Overview
The CCID-41 predecessor, the CCID-17, is the imager used on the Advanced CCD
Imaging Spectrometer (ACIS), an instrument developed by the MIT Center for Space
Research (CSR, now the MIT Kavli Institute) and Pennsylvania State University[16].
ACIS launched aboard the Chandra X-ray Observatory on July 23, 1999 is still in
operation. ACIS uses a set of 10 CCID-17s to image astronomical X-ray sources
through a set of transmission gratings designed to let either high-energy (hard) or
low-energy (soft) X-rays through. The X-ray Imaging Spectromer (XIS) instrument,
also developed by CSR, was the first to fly the CCID-41, launching successfully aboard
the Suzaku observatory (also known as Astro-E2) on July 10, 2005 and is also still
in operation today[17]. XIS uses four co-aligned telescope assemblies, each with a
CCID-41, to image hard and soft X-ray sources by measuring the energy and location
of individual photon strikes on the detectors.
Beyond heritage to the detectors used on ACIS and XIS, the REXIS DAM incorpo-
rates the best elements of both of their instrument designs to create a general-purpose
detector assembly that could be used for a range of mission profiles. The DAM design
is suitable for satellites ranging from a small observatory in low-earth orbit such as
Suzaku to large interplanetary sample return mission such as OSIRIS-REx. XIS pro-
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vides some mechanical heritage from its onboard radioactive iron sources that provide
a known activity and location on the detector array for tracking the spectral resolu-
tion of the detectors over time. However, the XIS CCD packaging is not suitable for
constructing a 2×2 array of co-aligned detectors in a single assembly and is designed
to be actively cooled by a set of thermoelectric coolers; REXIS uses a passive radiative
thermal design instead. The XIS detectors are mounted in four separate telescope
assemblies on the instrument, so precision alignment of each detector with respect
to each other to form a larger format detector plane is not necessary. As a result
the XIS detector packaging and alignment scheme is not appropriate for the REXIS
application, but the ACIS packaging is since part of the ACIS focal plane aligns four
CCID-17s into a sloped 2x2 array intended to approximate a spherical imaging sur-
face. REXIS inherits most of its mechanical heritage from ACIS, in particular the
mechanical packaging of the detectors and the alignment scheme used to locate them
in the DAM.
XIS does provide the electrical heritage for the REXIS detectors, which extends
beyond XIS and REXIS using CCID-41 detectors and ACIS using CCID-17s. The cir-
cuitry that provides the electrical interface between the detectors and the instrument
electronics underwent a significant redesign between ACIS and XIS that improved
the performance of the detectors and capitalized on new technological advances that
arose in that time. As the electronics used to drive the detectors have improved since
XIS, the REXIS flexprints accommodate these changes and improve upon the XIS
design even more to further boost performance. In both ACIS and XIS this circuitry
attaches directly to the detector package, and in REXIS this is no different. Thus,
the REXIS detector packaging and detector assembly both represent a true hybrid of
previous successful designs that allows for a high degree of confidence in the success
of these new designs.
2.2.1 ACIS Mechanical Design
The manufacturing processes used to make CCDs drive the need for packaging
the devices in such a way to minimize handling risk and aid in alignment of the
36
devices with an instrument’s optical path. CCDs are fabricated on silicon wafers
using traditional microtechnology processes such as molecular beam epitaxy and ion
implantation used to fabricate integrated circuits, MEMS, and other such devices.
After fabrication the wafer is diced into separate imagers and these must be packaged
into a more rugged mechanical structure for handling purposes, since directly han-
dling the device with human fingers or small tools could crack or scratch the CCD.
In addition there is significant risk of destroying the CCD’s electrical connections
through electrostatic discharge (ESD) during handling, though this risk is usually
associated with handling packaged CCDs as well.
Each ACIS CCD was glued onto an alumina plank with a hard-anodized beryl-
lium tee glued to the opposite side of the plank. Alumina was chosen because it
is electrically insulating, simple to work with compared to other structural ceramics
such as silicon carbide, and low mass. In addition, a flexible circuit board was glued
to the CCD side of the package and then wirebonded to small gold bondpads on the
CCD to break out the electrical connections to the CCD drive and readout circuitry.
This flexprint is necessary because the CCD does not come with its own mechanical
interface to attach to the electronics. Several views of an engineering model of this
package are shown in Figure 2-2.
(a) Top view. (b) Side view. (c) Back view.
Figure 2-2: Top, left, and back views of the ACIS CCID-17 package. The flexi-
ble circuit board that connects the CCD to the ACIS electronics is
not shown.
Each package is mounted to the ACIS detector assembly using a simple fixed-
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location scheme. A hard-anodized beryllium package carrier is screwed into the back
side of a beryllium focal plane where each of the CCDs is mounted. A small pocket
in each package carrier is filled with epoxy and the CCD is then carefully placed on
top of the block with the tee resting against a precision alignment pin to control the
placement of the detector parallel to the focal plane. The CCD tee is then screwed
into the focal plane from below to keep pressure on the glue joint between the package
and the package carrier as the epoxy cures. This design fixes the location of the CCD
in all dimensions after the epoxy cures. None of the dimensions can be adjusted
without completely replacing a package and its package carrier. Pictures showing the
assembly and design of the ACIS focal plane are shown in Figure 2-3.
The ACIS design presents a number of advantages and few disadvantages com-
pared to other packaging and alignment schemes. The chief advantage of the ACIS
design is its simplicity. The complexity could be reduced further by changing the
flexprint to a rigid board mounted to the CCD package, this concept has a number
of disadvantages that will be discussed in the next section. The alignment scheme
is also quite simple since the alignment is only controlled by ensuring the tee makes
good contact with the alignment pin and the edge of the focal plane. The package
carrier does not actually contribute to the location or alignment of the package but
rather only provides structural support. In the event a CCD is broken, it can be
easily removed and replaced by unscrewing the package carrier and the screw holding
the tee to the focal plane.
The ACIS package also has low mass compared to packages developed for tight-
tolerance missions that use alloys such as Invar and Kovar, which can be heat-treated
to match the coefficient of thermal expansion (CTE, not to be confused with charge
transfer efficiency) of the package to that of the CCD. All materials will experience
a different strain in response to a given temperature change, but for two materials
that are bonded the strain is necessarily the same. Therefore the stress in the two
materials must be different, which leads to a shape change in the materials and
fracture in extreme cases. A shape change in the CCD would introduce a small error
in the focal length and detector area of the instrument. Flatness of the detector on
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the package can be a problem for optical instruments that require an extremely flat
field of view even after flat-field correction.
(a) Engineering model of the ACIS detector plane, showing assembly
and alignment features.
(b) Fully-assembled ACIS instrument.
Figure 2-3: ACIS detector assembly concept and integration into the full in-
strument. Image taken from [18].
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The disadvantages of the ACIS package relate to alignment and thermal consid-
erations in the overall instrument design. The primary disadvantage of the ACIS
packaging is that it provides little control of the alignment of the package after as-
sembly. The amount of misalignment that can occur is controlled by tolerances on
the tee, focal plane, and alignment pins but in the event of misalignment no ad-
justments can be made to the CCD position. The use of alumina also introduces
several issues into the thermal design of the instrument. CCDs must be operated in
a cold environment (generally below 0 ◦C[15]) in order to lower the noise generated
from thermally-excited electrons to the point where useful science data can be taken.
ACIS operates its focal plane at -120 ◦C. Alumina is not as thermally conductive as
other structural ceramics such as silicon carbide or beryllium oxide[19]. The thermal
conductivity of the ceramic limits the lowest achievable temperature of the detectors
and increases the thermal time constant of the system. For some thermal designs the
material choice may be a key factor in lowering the CCD temperature enough or to
meet science requirements, and a long thermal time constant may not be acceptable
for some mission profiles. Using a more conductive ceramic would allow for the ther-
mal design to carry more margin in the amount of mass, size, and power allocated to
parts such as thermal straps, radiators, thermoelectric coolers and trim heaters that
are normally used to mitigate these risks.
2.2.2 Suzaku Electrical Design
The XIS instrument aboard the Suzaku satellite uses a set of four CCID-41 detec-
tors, also fabricated by LL. These are an upgraded version of the CCID-17 imagers
flown on ACIS, and as a result the circuitry used to connect the ACIS CCDs to its
electronics are similar to those used for XIS. Both missions use flexible circuit boards
and these are shown in Figure 2-4. The ACIS flexprints include extra circuitry for
ESD protection in case a technician handling the CCDs or the surface the CCD rests
on is not properly electrically grounded. The circuitry shunts any current gener-
ated by a potential difference between the technician and the device away from the
CCD (where it could damage sensitive electrical connections) and towards electrical
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ground. The XIS boards incorporate both this circuitry along with extra components
for supporting charge injection during CCD operation.
(a) ACIS flexprint attached to an XIS CCD.
(b) XIS flexprint attached to an XIS CCD.
Figure 2-4: ACIS and XIS flexprints, shown side-by-side for comparison. Note
that the XIS flexprint does not have small pinholes at the CCD
end, which were found to fail under thermal cycling during ACIS
ground testing.
The XIS flexprints also take into account lessons learned from ACIS. The XIS
flexprints were carefully designed without vias at the CCD end. Vias are small holes
filled with a copper tube that are used to connect traces on different electrical layers on
a circuit board. It was discovered during thermal testing of the ACIS flexprints that
vias at the CCD end, which is colder than the end that plugs into the electronics, are
sites for stress concentrations that fractures vias along crystal planes of the copper
under thermal cycling[20]. This mechanical failure causes electrical failure of the
flexprint, which prevents the CCD from communicating with the electronics. The
XIS flexprints also provide electrical shielding for the analog video output lines to
reduce noise, in contrast to the ACIS flexprints.
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2.3 REXIS Detector Assembly Mount Design
2.3.1 Detector Packaging
Mechanical Design
Like XIS, REXIS uses a set of four CCID-41 detectors to image Bennu, but unlike
XIS these detectors must be co-aligned with each other in a 2x2 array. REXIS uses
a nearly identical detector package to ACIS; CAD of the package and pictures of
the assembled device are shown in Figure 2-5. The CCD is mounted to an alumina
substrate with an aluminum tee mounted on the opposite side. The alumina is sized
wide enough to accommodate the flexprint, which could not be made narrower. The
CCD is centered on the package with the die edges nominally placed 239.5µm inboard
on the ±y sides of the package and 100µm inboard in x. The tee contains two holes to
accept #2 screws for extra attachment points to the DAM if more structural support
is needed. The holes can also be used to accept a tool to aid in handling the CCDs.
The flexprint is attached to the package and wirebonded to the CCD but is not shown
in the CAD in 2-5a and 2-5b.
The key differences between the ACIS and REXIS packages are:
• The REXIS tee is made of aluminum, whereas the ACIS tee is made of beryl-
lium. This change was made because the REXIS project does not require the
thermal conductivity, low mass, and strength of beryllium parts. Beryllium is
also extremely difficult and hazardous to work with and the REXIS team does
not have the financial or physical resources in place to design and fabricate
beryllium parts in a way that is safe and accessible to students.
• The REXIS tee is slightly larger than the ACIS tee. This change was made
to enlarge the tee for handling purposes as well as to make the dimensions
standard fractions of an inch for the purposes of simplifying the design around
the package.
• The REXIS tee has two holes on the back face whereas the ACIS tee does not.
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(a) Isometric view in CAD of the REXIS CCD
package, without flexprint.
(b) Back view in CAD of the REXIS CCD package,
without attached flexprint.
(c) Top view of REXIS CCD package assembled by LL, with attached flexprint.
(d) Isometric view of REXIS CCD package.
Figure 2-5: CAD models and pictures of the assembled REXIS CCD package.
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• The REXIS package has sized the alumina plank large enough to accommodate
its flexprint while also ensuring that the die remains at least 100µm inboard
from the alumina edges for handling purposes. The ACIS CCDs have the dies
lined up exactly to the edge of the alumina, which presents a risk of touching
the die and damaging it.
For thermal and structural modeling purposes it is important to note what ma-
terials have been used in the package. As previously noted the package is built up
around an alumina piece, chosen for its heritage to ACIS, structural properties, and
low cost. The CCD die and tee are respectively bonded to the package with Able-
film ECF-568 and ECF-550 adhesive films. In addition, REXIS uses BI CCID-41s,
meaning that during fabrication the CCD is flipped over and thinned, then mounted
face-down to the package so that photons can enter from the back side of the device.
A BI CCD is only 45µm thick and cannot be glued directly to the package or else it
will tear. For this reason the CCD is bonded to a thick piece of inactive silicon at
the wafer level of fabrication with Epotek 377 epoxy before the wafer is diced into
individual CCDs. The materials stackup of the package is shown in Table 2.1.
Table 2.1: Material stackup of the REXIS CCID-41 package, listed from +z
(CCD side) to −z.
Part Material Thickness (mm)
CCID-41 Die Silicon 0.045
CCD Epoxy Epotek 377 0.010
CCD Handle Silicon 0.675
CCD Die Adhesive Ablefilm ECF-568 0.025
Package Substrate Alumina 3.175
CCD Tee Adhesive Ablefilm ECF-550 0.025
CCD Tee Aluminum 4.763
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Electrical Design
Like most microelectronic devices, CCD dies must be wirebonded to an electrical
breakout for interfacing with other circuitry and for handling purposes. Science-grade
CCDs produced in low volumes occasionally have application-specific custom packag-
ing that integrates the electrical interface into the mechanical interface, particularly if
the CCDs are to be used in a large-format array where the packages must be abutted
closely to each other on all sides[21]. For small-format arrays and single chips flexible
circuit boards mounted to the CCD package and wirebonded to the die have become
a common interface between the imager and its driving electronics.
Flexible circuit boards offer a number of advantages compared to mounting a rigid
board with a connector onto the package. First, even with a rigid board a jumper
cable is likely needed between the CCD and its electronics unless the instrument
design calls for the two to be co-located. A jumper cable can introduce enough noise
to drown out sensitive science data through parasitic impedances unless the wires are
properly shielded. A well-shielded cable bundle for CCD communications may be too
large for some applications. A flexible circuit board serves the same purpose but with
lower noise and a much smaller form factor. Second, a rigid board with a connector
coming off it may be too tall to fit in certain wirebonding machines. Wirebonding
typically occurs over height differences of no more than a few millimeters because
the process is designed for small integrated circuit dies. Third, a board mounted
directly to the package is a major handling risk since connecting and disconnecting
the CCD requires directly touching it near its most sensitive features. Science-grade
CCDs should be handled as little as possible to prevent wirebonds from ripping or
shorting together and are extremely susceptible to permanent damage from ESD.
Regular handling of the devices to connect and disconnect them markedly increases
the chances of device failure, and a flexible circuit board allows this to be done at a
safe distance from the detectors.
The REXIS flexprint design is adapted directly from the XIS board design and has
been changed minimally to preserve heritage. However, some changes were necessary
due to an update in the design of the REXIS electronics compared to previous versions
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used to drive CCID-41s and another change was made to improve the design. REXIS
uses 51-pin Airborn NK-series connectors for its CCDs and electronics; ACIS and
XIS CCDs used a 34-pin Positronics high-density rectangular connector. This change
was made because REXIS detector electronics have separated some lines that used
to be tied together on the detector electronics and more connector pins were needed.
Many of the new lines are dedicated ground returns but several other lines used for
driving CCD serial registers have also been split apart and are now driven separately
by the REXIS detector electronics. The serial registers are wired to ESD-protection
circuitry on XIS so extra circuitry has been added on REXIS to protect all the lines
now that they are no longer tied together. In addition a platinum resistive thermal
device (RTD) at the CCD end of the flexprint was added to provide the most direct
possible measurement of the CCD temperature. The RTD can be read out with a two-
or four-wire measurement depending on the accuracy required. This change benefits
REXIS because the CCD operating temperature is a major driver for the instrument
design and knowledge of the exact CCD temperature during ground testing will help
validate the design. Accurate on-orbit temperature measurements are also useful for
calibration purposes.
Like the XIS flexprints the REXIS flexprints are a rigid-flex five-layer circuit board
that accommodates both discrete components and wirebonds directly to the CCD.
The rigid parts of the board that support discrete components are made of FR-4. The
flexible portion of the board that carries the signals from the CCD to the connector is
made of Dupont Pyralux AP8515 polyimide-backed copper. Wherever wirebonding is
required the copper is exposed and plated with 150µin of nickel per QQ-N-290B[22],
then plated again with 40µin of Type III, Grade A gold per MIL-DTL-45204D[23].
At the connector end of the board discrete components include diodes, resistors, and
capacitors for ESD protection and handling charge injection. Charge injection for
REXIS is done directly on the detector electronics instead of on the flexprints, so
some of these components may be removed in a future revision of the board. At the
CCD end of the board Lincoln attaches die-size U309 junction field-effect transistors
(JFETs) and load resistors connected to the JFET gates to the flexprint during
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package assembly. The CCD is then wirebonded to the flexprint and the analog video
output lines from the CCD are then wirebonded to the JFETs. The REXIS flexprints
are shown as a part of the CCD package in 2-5c and 2-5d. The detailed electrical
design of the CCDs and a description of all the signals the flexprint carries is beyond
the scope of this work. A schematic, full Gerber layout file set, and materials stackup
for the most current revision of the boards can be found in Appendix A.
2.3.2 DAM Design
The REXIS Detector Assembly Mount (DAM) houses the four CCID-41 packages,
aligns them properly with respect to each other, and ensures survival of the CCDs
in a space environment. The focus of this section is the overall mechanical design
of the DAM for structural support and alignment of the detectors. Several views of
a CAD model of the DAM are shown in Figure 2-6. A prototype of the DAM is
shown in Figure 2-7. Referring to Figure 2-6 the DAM is composed of several major
components: the baseplate, the package carriers, the side shields, the end shields, the
top radiation shield assembly, and radioactive iron sources as a part of the side shields
and top shield. The major assembly parts are bolded inline with the description of
the DAM design.
The baseplate features alignment pins to align the packages as in the ACIS
design. One change from ACIS is that the CCDs are now aligned with respect to
inside edges of the tee instead of outside edges. The CCD alignment is set in x
by where the baseplate edge parallel to y contacts the tee. The alignment in y
is set by the location of the alignment pin. The z alignment is controlled by the
baseplate thickness and the package carriers. The package carriers are fastened
to the baseplate from below the DAM and feature a 0.0075” deep pocket that is
filled with Lord 3135 epoxy before the CCDs are mounted in the assembly. Once the
epoxy is deposited in the pocket the CCD package is carefully placed on the package
carrier, aligned to its respective alignment pin and the DAM edge, and fastened to
the baseplate from below the DAM to put pressure on the adhesive joint. After the
epoxy cures at room temperature for 24 hours the CCD is permanently bonded to
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(a) Isometric view in CAD of the REXIS DAM.
(b) Isometric section view in CAD of the REXIS DAM.
Figure 2-6: CAD views of the REXIS CCD package. The key difference between
this package and the ACIS package is a bigger tee with holes to
accept a handling tool and/or #2 screws for mounting to the DAM.
the structure.
Attached to the x faces of the DAM are the side shields. These shields pro-
vide structural support for the assembly, radiation protection, and house the side
radioactive iron sources for CCD calibration. Calibration of the assembly and
the design of the sources will be discussed in Chapter 3, and radiation protection
will be discussed in Chapter 4. The side shields also provide the mechanical interface
between the DAM and the rest of the instrument. Structural support and radiation
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protection are also provided by the end shields. The end shields assemble together
with a slot in the middle to permit the flexprints to pass through the DAM.
The top radiation shield assembly performs all the same functions as the
side shields but it has framestore calibration sources instead of ones that point
at the side of the CCDs. The calibration sources in the top shield also blocks stray
photons from hitting the detectors and introducing noise into the science data. The
top shield assembly contains a cutout for exposing the active area of the CCDs while
also shielding the CCD framestore. The DAM does not have a shutter like typical
camera systems and instead uses the framestore of each CCD for holding a frame
of science data while reading it out. Both the top radiation shield itself and the
framestore calibration source are chamfered to provided 0.015” clearance between the
DAM aperture and the field of view between the detectors and the mask.
All parts of the DAM are made of aluminum and are fastened together with A286
stainless steel screws. All tapped holes provide threads with a helical screw-tapped
insert (STI) made of phosphor bronze for cold welding and galling prevention as well
as thread protection. These details as discussed further in Chapter 4. All blind holes
in the DAM are vented with a 1/32” diameter hole drilled into the sidewall of the
blind hole to let trapped air escape. Assembly instructions for the DAM appear in
Appendix B.
2.4 Chapter Summary
The mechanical design of ACIS and the electrical design the XIS flexprints have
been presented along with their relation to the REXIS CCD packaging and DAM
design. The REXIS CCD package design draws heavily on ACIS heritage but includes
details designed to make the package easier to handle and easier to work with. The
REXIS flexprints adapt the XIS design for the REXIS electronics and incorporate
an onboard RTD to provide a direct measurement of the CCD temperatures. The
REXIS DAM mounts and aligns the CCD packages in the same way as ACIS does
but also includes many features designed to accommodate the REXIS design such as
built-in radiation shielding and field of view clearance for the REXIS mask. Internal
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(a) Top view.
(b) Back view.
Figure 2-7: DAM prototype assembly with mock CCD packages assembled by
LL.
radioactive iron sources are also built into the DAM for on-orbit calibration. The
heritage of this critical feature and adaptation of it for the REXIS DAM is the subject
of the next chapter.
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Chapter 3
On-Orbit Calibration of the
REXIS Detectors
The REXIS detectors need to be monitored during the cruise to Bennu to deter-
mine the amount of radiation damage done before science operations. In order to
correctly interpret REXIS science data it must be known how the spectral resolution
of the CCDs has changed between launch and observations of the asteroid. REXIS in-
cludes two sets of onboard calibration sources. One is a wide patch source installed in
the radiation cover that floods the detector array before the cover is opened to provide
a full characterization of the CCDs. The other is a set of precisely targeted sources
installed in the DAM for continued monitoring of radiation damage after the cover
opens. In order to design these sources properly we must understand the advantages
and disadvantages of various source geometries and how they impact the collection of
science data. We must also give serious consideration to how the sources are actually
constructed and integrated into the DAM and the instrument. This chapter discusses
the heritage missions that REXIS draws inspiration from and presents the design of a
novel calibration scheme that blends the most successful elements of all the heritage
designs while also improving upon them.
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3.1 Heritage Design Overview
Like the alignment scheme chosen for REXIS, the calibration scheme draws her-
itage from several previously developed designs. The REXIS calibration source ge-
ometry is inspired by the calibration scheme for XIS, and the design of the physical
sources has been adapted from work done by the MIT Environmental Health and
Safety (EHS) Radiation Office for the MicroX project. MicroX is a sounding rocket
payload designed to demonstrate the functionality of a different kind of X-ray imager
called a transition edge sensor (TES). A TES is similar to an avalanche photodiode
with the key difference being that a TES must operate at cryogenic temperatures.
Like REXIS this payload needs compact, radioactive sources for in-flight calibration.
Along with the design of both the XIS and MicroX calibration sources the ACIS
calibration scheme will be described here for comparison as it is another successful
design that has been used with detectors similar to those on REXIS.
All these sources, and the REXIS sources, use the same radioactive isotope of
iron (55Fe) to produce X-rays upon decay via electron capture to manganese (55Mn).
Although the source is usually referred to as 55Fe its X-ray spectrum actually belongs
to 55Mn because the photons are produced after the decay, not before. In this work
55Fe and 55Mn shall be used interchangeably because some data from ACIS that
appears in this chapter uses the latter terminology to refer to the former. 8.45% of
the 55Fe decay products are 5.888 keV photons, 16.57% are 5.889 keV photons, 3.40%
are 6.49 keV photons, and 0.524% are low photons below 0.7 keV. The rest of the
energy 55Fe releases is in the form of Auger electrons that are not useful for CCD
calibration[24]. As a result approximately 28% of the energy 55Fe spontaneously emits
are photons between 5.888 and 6.49 keV. For this reason the X-ray spectrum of 55Fe
is often specified as monochromatic 5.9 keV photons, which is useful because it means
an 55Fe source can be assumed to produce only one spectral line of interest and any
data collected with the source is simple to interpret. Because 55Fe produces these
photons spontaneously it requires no power to produce X-rays unlike other common
laboratory radiation sources. 55Fe sources are also considered to have stable activity
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levels over long periods of time because the half-life of 55Fe is 2.737 years. For all
these reasons 55Fe is a popular isotope for scientific applications.
3.1.1 ACIS Calibration Scheme
ACIS flew with two onboard sources–the Internal Contamination Monitor (ICM)
and the External Calibration Source (ECS). The ICM is a small spot source composed
of (55Fe) housed on the one-time deployable door of the ACIS instrument. The goal of
the ICM was to provide a source to check the response of the CCDs immediately after
launch and determine if any contaminants had collected on them. The ECS consists
of three separate 55Fe sources housed together approximately 18 inches above the
ACIS detector plane on a fixed part of the instrument assembly. One source is pure
55Fe spontaneously emitting X-rays as previously described. The other two sources
have 55Fe placed behind a metallic target (one titanium, one aluminum) to produce
X-rays characteristic of those elements.
The most likely contaminants the ICM expected to measure were considered to
be ice and condensed organic materials that had outgassed during depressurization.
These materials absorb the low-energy 55Fe X-rays, so comparing the ratio of 5.9 keV
photons to the lower energy photons on-orbit against the same ratio observed on
the ground then indicates the amount of contamination present. The ICM targeted
the rightmost (D) quadrant of the S2 detector and the three neighboring quadrants
(A-C) of the S3 detector (CCID-17s and CCID-41s have their columns split into four
sections, by convention labeled A-D from left to right). 3-1a shows the notional
target area of the ICM on the ACIS detector assembly. 3-1b shows ICM data taken
from the S2 and S3 CCDs in the target area. Note that the ICM only targets the
first 300 rows of the target quadrants on the CCDs. After the door deployed to
expose the CCDs the ICM moved out of the instrument line of sight for the rest of
the mission[25].
The ECS was designed to be used in the same way as the ICM but was also
designed to provide more thorough calibration data than the ICM. The ECS contains
iron, titanium, and aluminum sources. The spectra of these elements provide many
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(a) Target area of the ACIS ICM. Image adapted
from [26].
(b) Normalized ICS data collected on-orbit. Image
taken from [25].
Figure 3-1: ACIS ICS nominal target area and calibration data collected on-
orbit.
sharp lines, particularly at low energies. The rich spectrum provided by the ECS
sources permits calibration of the ACIS CCDs over a much wider energy range than
the ICM could provide. The total spectrum of the ECS as measured by ACIS is shown
in Figure 3-2. The ECS data is analyzed in a similar manner to the ICM data to
determine the response of the CCD over time. As the CCDs incur radiation damage
and accumulate contamination the measured spectral lines shown in Figure 3-2 will
broaden and decrease in height.
When ACIS is in view of the ECS an intensity map of the illumination patterns
on the ACIS detector assembly can be generated. One such pattern is the 55Fe map
shown in Figure 3-3. As shown in Figure 3-3 the ECS sources flood the entire detector
plane. The ACIS instrument platform can translate when commanded to do so by an
observer who, as an example, wishes to use the instrument in conjunction with another
instrument aboard the Chandra satellite. Throughout part of the translation table’s
range of motion the detector assembly is exposed to the ECS. The ECS is mounted on
a stationary part of the ACIS support assembly approximately 18” above the detector
plane1. The intensity pattern in Figure 3-3 is expected for a point source mounted at
a large distance (relative to the size of the detectors) above the instrument.
1Bob Goeke, personal communication
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Figure 3-2: ACIS ECS spectrum, showing the iron, titanium, and aluminum
lines.
Figure 3-3: ACIS ECS pattern of 55Fe, normalized to the average intensity on
detector S2 (as defined by 3-1b).
3.1.2 XIS Calibration Scheme
The XIS calibration scheme uses only 55Fe and was designed to determine the
detector gain to within 0.1% during a single Earth orbit early in the mission[17]. A
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diagram of the instrument is shown in Figure 3-4. The location of the sources inside
the instrument is marked with a red box. Like ACIS the instrument has two sets of
Figure 3-4: Section view of the XIS instrument design with callouts to major
subassemblies including the calibration sources. The location of
both sources is marked with a red box. Image taken from [17].
55Fe sources, one housed in a door that permanently moves out of the detector field of
view after a one-time deployment and one housed in a fixed location in the detector
assembly. The door source flooded the entire detector imaging area with radiation.
Unlike ACIS the detectors cannot translate with respect to the source and so the 55Fe
in the detector assembly strikes the detectors during all mission phases.
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The notional illumination pattern of the detector housing 55Fe calibration sources
on the XIS CCDs is shown in blue in Figure 3-5. The regions shown in red in
Figure 3-5 on the XIS0 and XIS2 CCDs do not function, likely because of damage
due to micro-meteorite impacts. XIS0 remains functional on orbit but XIS2 has been
turned off since November 9, 2006[27]. These sources target only the top corners of
each CCD, compared to the door sources which flood the entire imaging area of each
detector. The corners are targeted to avoid contamination of science data with high
Figure 3-5: XIS CCD layout with callouts to important features of the detectors
including the 55Fe illumination pattern. Image taken from [27].
levels of 55Fe background over the entire area of a single integrated frame. Covering
the entire imaging area with background is not acceptable when trying to image
stellar X-ray sources that are so far away that they only take up a small fraction of
the CCD imaging area. A frame from the XIS2 sensor (taken before it was shut down)
showing where the sources for this sensor strike the CCD is shown in Figure 3-6. The
red bounding boxes and (xi, yi) coordinates delineate where the calibration regions
are defined in XIS data analysis; each chip has its own set of coordinates for the left
and right sources[28]. Figure 3-6 shows that the source on the left side of the frame
does not have consistent intensity or coverage compared to the source on the right.
This anomaly could be due to contamination present on the CCD or contamination
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present on the 55Fe source.
Figure 3-6: XIS2 data showing 55Fe coverage from the detector housing sources.
Image taken from [28].
Compared to the ACIS scheme the XIS scheme has three major drawbacks. First,
the XIS design does not permit thorough calibration over a wide range of energies
since 55Fe is monochromatic. Second, contamination cannot be monitored with on-
board sources because there is no other strong spectral line at low energies to com-
pare to the 55Fe line. XIS uses observations of celestial sources for contamination
measurements[27]. Third, the full detector area cannot be characterized on-orbit be-
cause the sources do not cover the entire imaging area. While the XIS design works
well there is room for improvement by including patch sources spaced far apart to
yield information about the spatial nonuniformity of the detector response. The XIS
scheme only yields information about the A and D quadrants of the CCD and there-
fore no information is readily available about the damage incurred by the B and C
quadrants. The advantage of the XIS design is its simplicity, both in how the sources
are incorporated into the assembly and how the calibration data analysis is carried
out.
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3.1.3 MicroX Calibration Scheme
The MicroX calibration scheme uses a ring-shaped 55Fe source to illuminate a
potassium chloride (KCl) ring mounted beneath it to produce potassium and chlo-
rine X-rays with energies between 2.6 and 3.6 keV for in-flight calibration[29]. The
instrument will also use fluorescent lines from lightweight elements such as fluorine
or oxygen for pre- and post-flight calibration[30]. The MicroX TES is designed to ob-
serve supernova remnants with energies below 2 keV so potassium and chlorine were
chosen to keep their X-rays out of this band and provide spectral separation between
science and calibration data. The MicroX flight dewar is shown in Figure 3-7; the
iron source and KCl ring are housed in the area labeled “TES Detectors.” A detailed
view of source housed in the detector assembly is shown in Figure 3-8.
Figure 3-7: MicroX flight dewar design. Image taken from [31].
One of the challenges in designing this assembly was acquiring an annular 55Fe
source to fluoresce the KCl. Commercial-off-the-shelf (COTS) 55Fe sources are com-
mon but usually do not come in annular shapes since their primary application as a
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Figure 3-8: MicroX in-flight calibration source design. Image taken from [29].
simple source of monochromatic X-rays usually means that a point or patch geometry
is sufficient. A custom source for this (or any) application would incur high cost and
long lead times. The MicroX team worked with the MIT Environmental Health and
Safety (EHS) Radiation Office and Prof. Ray O’Neal of Florida A&M University to
develop a simple, low-cost source that could accommodate any geometry. Unfortu-
nately, very little documentation about this design exists but what is known will be
presented here.
The design developed by O’Neal and EHS involved dispensing small amounts
of 55Fe in solution (as ferric chloride dissolved in hydrochloric acid) onto a ring-
shaped piece of aluminum. Radioactive ferric chloride is a common, easily-procured
laboratory chemical and its activity can be adjusted to the proper level by diluting the
stock solution with hydrochloric acid. Left in air the solvent will evaporate, leaving
behind the radioactive salt. The salt was then sealed into the structure with epoxy.
Preparation of custom radioactive calibration sources for scientific applications using
a variety of methods, including evaporation as discussed here, has been reported for
decades in the literature[32]. All cited applications of custom radioactive sources are
for use in laboratories on Earth. No record has been found of a source prepared in
this way with an epoxy sealant for space use.
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3.2 REXIS Calibration Source Design
The REXIS calibration scheme draws elements from the ACIS, XIS, and MicroX
designs. The idea of a wide-field source that floods the whole detector plane is adapted
from ACIS. Concepts such as using a deployable door source in conjunction with
tightly targeted permanent sources in the detector assembly are taken from XIS. The
construction of the sources using evaporated ferric chloride and epoxy sealant is taken
from MicroX. And like all these projects REXIS uses 55Fe as the only radionuclide.
The REXIS team has developed this design with the assistance of the EHS radiation
office. All REXIS sources are constructed by EHS.
There are two requirements on the 55Fe sources that relate to their mechani-
cal design. They must monitor all four output quadrants of each CCD and they
must monitor the charge transfer efficiency (CTE) of each CCD along the readout
direction[33]. In order to meet the requirements the side calibration sources have
been designed such that a one superpixel by two superpixel (spix) area on the cor-
ner of each CCD nearest to the source receives constant flux throughout the mission
(recall that one superpixel is 16 pix×16 pix). The framestore sources have been de-
signed such that a 4 spix×3 spix area at the boundary between the A/B and C/D
quadrants on each CCD receives a constant flux of 55Fe. The requirements on the
number of collected counts in the regions of constant flux were derived by Dr. Jae
Sub Hong of Harvard College Observatory and appear in Appendix C. The design of
the sources such that the number of observed counts meets requirements requires a
trade between source activity and source geometry. The DAM sources were iteratively
designed with Dr. Hong to find a suitably optimal geometry that does not violate
machinability constraints on the DAM parts. In particular the constraints relevant
to the 55Fe sources regard minimum wall thickness guidelines for milled features and
around drilled holes[34]. Without enough material around these features the parts
could fracture during fabrication, mechanical loading, or thermal cycling.
The layout of the sources housed in the REXIS DAM is shown in 3-9b. 3-9a
shows the locations in the DAM where the sources are installed. 3-9b shows where
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the sources target the imaging area. Note that there are 10 total sources housed in
the DAM and that every quadrant of every CCD has at least one source targeting
it. Each CCD also has sources at the first and last rows to allow for monitoring
of CTE changes along the CCD rows. There is also a 10 mm×10 mm patch source
housed in a one-time deployable cover above the REXIS mask that floods the entire
REXIS detector array before the cover opens. The cover source provides a complete
characterization of the state of the CCDs before science operations. The design of
the cover is described in Chapter 4 but the source construction will not be discussed
in detail because it is not significantly different from the design presented here. As
(a) REXIS DAM 55Fe sources. (b) Target areas of REXIS DAM
55Fe sources, shown in red. The
yellow lines demarcate quad-
rants of the REXIS CCDs.
Figure 3-9: REXIS DAM calibration source layout.
shown in 3-9b the REXIS design is similar to the XIS design in that it targets a
corner at the far end of each CCD package. Because REXIS uses an integrated 2×2
array of CCDs both corners of each CCD cannot be targeted. Targeting the top
corners of each CCD is possible in the XIS design because each CCD is mounted in
an individual telescope assembly. Unlike XIS, REXIS also targets each of the CCD
quadrants at the flexprint end of the package, allowing for a more complete picture
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of the state of the CCD. The side sources allows for measurement of charge transfer
efficiency throughout the whole detector while the framestore sources measure the
response of each CCD quadrant. Each target area is nominally two superpixels wide
by one superpixel long (for the framestore sources; the side sources have the reverse
dimensions when viewed from the top).
Both kinds of DAM sources are designed with two parts, one which houses the
radioactive material and a bolt-on collimator. The mechanical design of the side
sources is shown in Figure 3-10 with an isometric view of the design in 3-10a and a
section view of the design shown in 3-10b. The side source is built into the side shield
and a collimator is fastened into the shield edge to prevent the source from radiating
over the entire detector array. The side shield has a #43 (0.089” diameter) hole
1 mm (0.039”) deep that is filled with the evaporated radioactive ferric chloride, then
backfilled with epoxy (Lord 3135) to seal it. The collimator target is a 1 spix×2 spix
area on the corner of each CCD but note that the active imaging area (demarcated
by the red line in 3-10a) starts 312µm from the edge nearest to the source. The
offset is due to the first 312µm of the die edge being inactive silicon. The active area
also starts 224µm from the top edge of the CCD die, so accounting for the offset
and the gap between CCD packages the total width of the collimator must be greater
than 2 spix. The framestore sources are shown in Figure 3-11. They are designed the
same way as the side sources are although here the collimator is fastened parallel to
the sources instead of normal to them (not shown). The collimator is also chamfered
like the top shield to provide a 1/64” clearance between it and the instrument field
of view.
The REXIS calibration source design has the drawback of generating extra back-
ground in the science data at the expense of satisfying the requirements with an
optimal design. There is a 1.417 spix gap between the edge of the collimator and the
edge of the imaging area, and a portion of this area is contaminated by 55Fe as a
consequence of the geometry of the source. The framestore is exposed in this area to
both 55Fe and the instrument field of view. Calibration and science photons striking
the framestore is a problem because the framestore contains “saved” data and so
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(a) DAM side source isometric view, with the collimator shown in transparency.
(b) Section view of side source.
Figure 3-10: REXIS side calibration source design.
photons that hit here get added into a previously integrated frame. An errant science
photon could strike at any point during a frame transfer and so its energy may be
measured by any pixel in the frame. These issues are related to a well-known problem
in imaging with CCDs referred to as an out-of-time event. Out-of-time events occur
when an incoming photon strikes the CCD imaging area while a frame is being read
out. Out-of-time events do not normally occur in the framestore because it is usually
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(a) DAM framestore source isometric view, with the collimator shown in exploded
view.
(b) Section view of framestore source with relevant geometry
shown.
Figure 3-11: REXIS framestore calibration source design.
completely shielded by the detector assembly. There are two possible results of an
out-of-time event:
1. If the pixel has no data in it then there will be overreporting of the presence of
some element at a random location on the asteroid. These events contribute to
background in the data. REXIS background will have higher levels of 55Fe due
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to out-of-time events than data acquired by instruments without permanent
55Fe calibration sources aimed at the detectors.
2. In the unlikely event that a science photon strikes a pixel in the framestore
that already has data in it the energy measured in that pixel will likely not
correspond to any element. These pixels can be thrown out in data processing
routines.
The problems associated with out-of-time events could be mitigated by moving
the structure closer to the CCDs in z but this idea is not advisable. Decreasing the
gap between the structure and the detector plane would permit moving the structure
closer to the imaging area in x to cover up more of the framestore. This mechanical
solution to mitigating the effects of out-of-time events was not done because the
current distance in z between the structure and CCD is 0.5 mm (0.020in). If the
structure were closer it would be difficult to assemble without major risk of damaging
the CCDs. Out-of-time events will be handled as best as possible in software.
The blue lines shown in Figure 3-10 and Figure 3-11 show how the edges of the
source and collimator nearest to each other define the target area with maximum
photon flux. The extent of the coverage, though, is defined by the source and colli-
mator edges farthest from each other. Dr. Hong has simulated the coverage patterns
for both the side and framestore sources to help determine the amount of noise the
sources introduce into the data. These intensity patterns are shown in Figure 3-12.
The red bounding boxes in Figure 3-12 are the target areas for each source. Note
that the side sources leak into the imaging area more than the framestore sources.
The extra leakage occurs because the side sources have a shallower angle along the
line of sight to the CCD compared to the framestore sources. The mechanical design
presented in this chapter meets the requirements of constant flux in the red bounding
boxes as well as structural integrity and machinability constraints with the under-
standing that leakage outside of the targeted areas is unavoidable and will increase
the background in REXIS science data.
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(a) Simulated intensity pattern of the side source. (b) Inset of the simulated pattern for the side
source, showing the region of constant flux out-
lined in red.
(c) Simulated intensity pattern of a single frame-
store source.
(d) Inset of the simulated pattern for the frame-
store source, showing the region of constant flux
outlined in red.
Figure 3-12: Simulated performance of the REXIS DAM sources. All images
courtesy of Dr. Jae Sub Hong.
67
3.3 Chapter Summary
The mechanical design of the REXIS DAM calibration sources has been described,
noting the features that correspond both to source construction and targeting of the
required calibration areas on the detector plane. The design draws on heritage from
the ACIS, XIS, and MicroX calibration designs and unifies them into one architecture
that is easy to fabricate and provides a complete characterization of the CCDs on-
orbit. The design is also likely the first reported use of epoxy-sealed evaporated-salt
radioactive calibration sources intended for space use. The next chapter describes
how the DAM protects the CCDs from the space environment and the steps taken
to ensure DAM performance. The detailed design of a one-time deployable cover for
radiation protection of the CCDs is also presented.
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Chapter 4
Environmental Protection of the
REXIS CCDs
The space environment introduces a number of problems for space systems that
must be accounted for in mechanical design. First, the high vacuum of space and the
stringent cleanliness requirements on space hardware introduce the potential for cold
welding of metals to each other. If left unaddressed this problem will interfere with
assembly of the DAM on the ground and operation of the radiation cover on-orbit.
Second, the incidence of energetic and charged particles on mechanical structures in
space can charge surfaces and lead to potentially damaging ESD. As REXIS uses
ESD-sensitive CCDs mitigating this risk is imperative to ensure the CCDs do not
short out on-orbit. Third, the X-rays that fluoresce Bennu will also fluoresce REXIS
and introduce self-generated background into the data. Unless the background is
screened out REXIS will not be able to measure elements of interest on the asteroid.
Fourth and most importantly for REXIS the general space radiation environment will
permeate mechanical structures and permanently damage electronics inside them via
several different mechanisms. The section discusses in detail the ways in which these
problems affect REXIS and how the REXIS design accounts for them.
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4.1 Coatings and Materials For Environmental Pro-
tection
4.1.1 Cold Welding and Galling
One of the biggest problems with mechanical interfaces in space, particularly those
that move relative to each other, is cold welding. Cold welding occurs when two clean
metal surfaces bond to each other in a vacuum environment[35][36]. Cold welding is
usually not a problem on Earth because most metals naturally form protective oxide
layers when exposed to air or are continuously contaminated by airborne particles.
These layers prevent cold welding of metallic interfaces found in most structures by
preventing good contact between the pure metals underneath them. In contrast, space
hardware must be kept clean to prevent contamination of sensitive science payloads
and is subject to high vacuum after launch.
For REXIS cold welding must be addressed so that the instrument can be assem-
bled properly and so that the radiation cover opens properly. Cold welding of the
radiation cover will be addressed later in this chapter. The REXIS hardware needs
protection against galling to ensure successful assembly of the DAM and to mitigate
the risk of cold welding. Galling between two parts occurs when material from one
part tears off and adheres to the other part when they move relative to each other[37].
Galling is caused by adhesion of the two surfaces under friction loads. Materials that
exhibit galling when put in relative motion could easily cold weld at the exposed bare
metal patches since at these points any oxide layers or coatings are removed. Galling
also increases the friction between the two parts. Without resistance to cold welding
and galling the DAM fasteners have a high likelihood of seizing on installation. High
forces and torques further increase the risk of seizing by making galling more likely
to occur.
Galling of DAM parts can be solved with the use of coatings, appropriate material
choices, and lubricants. The DAM and instrument are made of 6061-T6 aluminum to
provide a high strength-to-mass ratio and structural rigidity. REXIS also exclusively
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uses locking A286 stainless steel fasteners for strength and prevention of failure due
to fatigue[34]. Other materials and coatings must be designed around these materials
to prevent cold welding. To start, all aluminum parts are chromate-converted per
MIL-DTL-5541F[38]. Commonly known as iridite the chromate conversion coating
passivates aluminum, making it less likely to interact with a dissimilar material and
cold weld. A chart of anodic potentials of common materials is shown in Figure 4-1.
Any materials connected by a series of dots in the right hand column of the table
have a galvanic potential difference of no more than 0.25 V between them and are
considered compatible and inert when in electrical contact. Iridited aluminum is con-
sidered to be chromium plated which means that the REXIS DAM and truss belong
to Group 9 of Figure 4-1 and is compatible with materials in Groups 5-13. Using
compatible materials makes the mechanical interface between them less susceptible
to adhesion and in turn less susceptible to galling.
To protect against galling REXIS uses phosphor bronze screw-tapped inserts
(STIs) to provide the threads for fasteners as opposed to straight-tapped holes. An
STI is a diamond-shaped wire formed into a coil to provide both external and in-
ternal threads. The external threads are screwed into a straight-tapped hole in the
aluminum and the fastener screws into the internal threads of the STI. The locking
feature on the screws prevents the screw from backing out under launch vibration.
The phosphor bronze used in the REXIS STIs is approximately as strong as A286
so the threads are unlikely to deform under torquing of the fastener[40]. Aluminum
has a yield strength 2.5 times less than that of A286 and so bare aluminum threads
in straight-tapped holes would likely deform and strip under the installation of A286
screws. Bronzes also have similar anodic potentials to stainless steel and chromium
coatings per Figure 4-1. For these reasons the phosphor bronze/A286 interface is
not particularly susceptible to galling. The REXIS STIs also come with a dry-film
solid lubricant specified per AS5272 to lower the required installation torque for extra
galling protection[41]. The lubricant acts as a barrier between the fastener and the
STI to prevent them from making solid contact.
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Figure 4-1: Anodic potential of common materials and galvanic compatibility.
Table taken from[39]
.
4.1.2 Surface Charging
The requirement on surface charging is to make the DAM electrically conductive
to the point where it a ±20 V[42] potential difference cannot exist between it and
the CCDs. If a 20 V potential difference were to electrostatically discharge onto
the detectors they will short out and cease to function. Interplanetary space is a
plasma composed mostly of protons and electrons and some of these will strike REXIS.
Charged particles with high average energies (nominally more than 100 keV[43]) will
pass through the REXIS truss. However, these particles will deposit enough energy
into the truss that they will slow down to the point where the DAM may be able to
absorb them. The DAM will then charge up and because it is made of both conductive
and insulating materials a potential difference will develop between different parts of
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the structure. If the aluminum parts in the DAM are not electrically conductive
enough then the potential difference between it and the CCDs could grow beyond
±20 V. The susceptibility of a material to surface charging is determined by its surface
resistivity. Surface resistivity is also known as sheet resistance and is defined as the
electrical resistivity of a material divided by its thickness. The NASA guideline on
surface resistivity of metallic parts to prevent surface charging is no more than 109 Ω
per square[43]. Iridite and other chromate conversion coatings for bare metals meet
the resistivity guideline[43].
4.2 X-ray Attenuation
REXIS must attenuate 99.99% of all X-rays that it and the spacecraft generates
in order to bring the internal background count rate below 20 counts per second[33].
If REXIS observes more than 20 photons per second of self-generated X-rays these
photons will interfere with the ability to measure the sulfur content of Bennu. High-
energy photons will strike the spacecraft and cause it to fluoresce X-rays, just as they
do with the asteroid. For instruments that do not detect X-rays this is not a problem
since the X-rays are generally too energetic to be absorbed by the instrument’s sensors.
REXIS and all other X-ray instruments must attenuate X-rays that do not come from
astronomical sources of interest or else these photons will corrupt science data. Most
notably REXIS will measure the amount of aluminum on Bennu but the instrument
itself will also generate far more aluminum photons than Bennu will. In order to
screen out the X-ray background of REXIS as well as any X-rays that do not enter
through the REXIS mask all metallic surfaces on REXIS with line of sight to the
CCDs need to be coated with a material to absorb these photons.
All materials attenuate X-rays exponentially with thickness. The ratio of the
photon flux out of a material compared to the incident flux is
Iout
Iin
(E, `) = exp (−µ(E)ρ`) (4.1)
where µ is the material mass attenuation coefficient (a function of the incident photon
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energy), ρ is the material density, and ` is the material thickness. Equation 4.1 sug-
gests a dense material is best for attenuation provided that µ is high enough over the
appropriate energy range. The energy range of interest for REXIS is 0.5-7.5 keV so it
is most important to attenuate the photons at these energies. Higher-energy photons
will pass through the CCDs and cannot be observed by the instrument because a
back-illuminated CCID-41 is not thick enough to provide meaningful absorption of
these photons.
Figure 4-2: Mass attenuation coefficient of gold as a function of energy. Image
generated from the NIST XCOM database[?].
An electrolytic gold coating was chosen for its density (19.3 g/cm3), mass atten-
uation over the energy range of interest, and ease of plating by coating vendors.
Figure 4-2 shows the mass attenuation coefficient of gold as a function of incident
X-ray energy. Below 10−2 MeV=10 keV µ is high enough that the REXIS gold coat-
ing only needs to be 21µm thick to attenuate the estimated instrumental background
to below 20 photons per second. As shown by the sharp spikes in Figure 4-2 gold
even preferentially absorbs certain energies below the CCID-41 maximum sensitivity
limit of 10 keV. However, gold will not stick to iridited aluminum and an electroless
nickel undercoating is required to improve adhesion. The thickness of this layer is
specified by the coating vendor but is expected not to be thick enough to provide sig-
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nificant X-ray attenuation as it is expected to be on the order of microinches (1µin =
0.0254µm)1. All CAD pictures in this work show the appropriate coating where it is
required, including the interior of the REXIS truss and the DAM. Iridited surfaces are
normally a dull yellow color but are shown as gray, unfinished aluminum in all REXIS
CAD to distinguish the two coatings. The parts in the entire REXIS instrument that
require a gold coating and the coated faces are listed in Table 4.1. Faces with line
of sight to the detectors are described with the instrument coordinate normal to the
coated face when appropriate. Coordinate systems for all parts in Table 4.1 are the
instrument coordinates.
Table 4.1: REXIS part faces that require a gold coating.
Part Coated Face(s)
Radiation cover −z (stowed configuration)
Mask -z
Bottom mask frame −z
Truss panels ±x,±y (only the faces internal to the truss)
Framestore 55Fe source −z, lower collimation faces
Framestore 55Fe collimator −z, upper collimation surfaces, DAM aperture face
Side radiation shield ±y, lower collimation surface
Side 55Fe collimator ±y, upper collimation surface
Top radiation shield DAM aperture faces (chamfered and non-chamfered)
4.3 Radiation Protection of the CCDs
4.3.1 Radiation Damage
Ionizing Radiation
Appropriate radiation shielding of the CCDs is critical to ensuring that the de-
tectors meet science requirements throughout the life of the mission. CCDs are sus-
ceptible to both ionizing and non-ionizing radiation. Ionizing radiation is of little
concern because when an ionizing particle strikes the CCD it generates electron-hole
1AOTCO Metal Finishing Co., personal communication
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pairs, which the CCD will interpret as science data. The primary effect of ionizing
radiation is to increase the noise floor of the instrument by raising the detector dark
current. Dark current is inherent generation of electrons in a CCD that establishes
the noise floor of the imager. An undamaged CCD self-generates dark current from
thermally excited electrons. The noise due to dark current scales as the square root
of the CCD temperature and can only be zero at absolute zero. Insulating layers
in the CCD microstructure will also absorb ionizing radiation and charge up. Dark
current decreases the spectral resolution of REXIS and is accounted for in the instru-
ment error budget. Charging of insulated layers will also change the voltage levels
across the device over time but these effects can be accounted for and calibrated
out. Although ionizing radiation clearly affects the instrument performance it is not
considered to present a significant risk of permanently damaging the REXIS CCDs
through irreversible damage mechanisms.
Non-ionizing Radiation
Non-ionzing radiation, however, will permanently damage the CCDs over time
and must be accounted for in the design. Non-ionizing radiation causes displacement
damage in CCDs. Displacement damage occurs when an atom is knocked out of
the crystal lattice and recoils against other nearby atoms. The effect of recoil is to
displace other nearby atoms, not just the first atom, if the recoil event has sufficient
energy. Figure 4-3 shows a simulated defect structure caused by a 50 keV primary
recoil silicon atom. The displaced primary recoil atom does not simply introduce a
point vacancy defect in the crystal lattice. The recoil of the atom against neighboring
atoms introduces line and cluster defects as the damage propagates throughout the
CCD. The scale of the damage increases with incident radiation energy[?].
The primary effect of non-ionizing radiation on REXIS is the creation of charge
traps that strip electrons out of charge packets in the CCD. Non-ionizing radiation
also creates extra dark current in the device through thermal excitation of electrons
but this mechanism will not be considered further here, again because this mechanism
does not cause irreversible damage to the detector[?]. A defective site on the CCD
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Figure 4-3: Concept of displacement damage in silicon caused by a 50 keV recoil
atom. Image taken from [?].
may strip electrons out of an incoming charge packet as it passes through during
a row transfer. As a result the energy associated with the charge packet when it is
finally read out will be underreported. The CCD measures a lower energy because the
energy of the photon is linearly related to the number of electrons it generates when
it strikes the CCD minus the electrons lost through charge-coupled row transfers and
readout by the detector electronics.
The random nature of electron loss in a CCD affects the spectral resolution of
the instrument. Real spectral lines from atoms do not exist at a fixed energy but
rather are a Lorentz distribution centered on the nominal line energy. The spectral
resolution of a line as measured by an ideal detector is defined as the full-width at half-
maximum (FWHM) of the Lorentz distribution. Larger FWHM values indicate worse
spectral resolution. Therefore, the photons associated with one spectral line that are
incident on REXIS already come in over a range of energies. Charge transfer effects
in a real CCD strip away a random number of electrons every row transfer. Radiation
damage increases the variance in the Lorentz distribution by increasing the variance
in the amount of electrons stripped out of a charge packet. The variance increases
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because the average number of sites that are able to remove electrons increases with
increasing radiation damage. As a result a damaged CCD not only measures photon
energies to be low but it also widens the spectral peaks by adding randomness to the
data before it is read out. The spectral widening caused by radiation damage leads
to overall worse spectral resolution in the detectors.
In 2004 the XIS team took a BI CCID-41 to the Northeast Proton Therapy Center
at Massachusetts General Hospital and damaged it with a beam of 40±5 MeV protons
at a flux of 2.0±0.2×109 protons per square centimeter. A 2.5 cm×2.5 cm area of the
detector was damaged for approximately one minute. This exposure was considered to
be approximately two years worth of on-orbit radiation exposure for XIS[44]. Figure 4-
4 shows the effects of displacment damage on a CCID-41. 4-4a shows the reported
energy (in measured electrons) as a function of the device column number. 4-4b
shows the spectral resolution (FWHM in eV) as a function of column number. The
red lines in both figures represent nominal, undamaged performance. The green lines
represent performance after radiation exposure. In the damaged region delineated by
the black slashes we see that the reported energy of 55Fe decreases and the FWHM
increases. The data shown in Figure 4-4 are consistent with our expectations of
underreported energies and broadening of spectral lines.
Figure 4-4 also shows how the CCD performance can be restored. The blue
curve in each figure represents the post-damage performance with charge injection
activated. Charge injection is a feature of some CCDs where sacrificial charge is
“squeegeed” over the array before a frame is taken to fill in the charge traps. ACIS im-
plemented this feature on the CCID-17 with an unorthodox CCD clocking scheme[45].
Once its efficacy was shown for ACIS charge injection was permanently designed into
the CCID-41 circuitry[46]. As shown in Figure 4-4 when charge injection is turned on
the performance of the CCD recovers most of its functionality and performs nearly
as well as an undamaged CCD. The CCID-41 uses spaced-row charge injection (SCI)
where sacrificial charge is injected every 54 rows across the CCD to provide uni-
form levels of performance restoration. The amount of charge used for SCI can be
adjusted on-orbit if radiation damage is more or less than the expected amount. How-
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(a) Line height of 55Fe.
(b) FWHM of 55Fe.
Figure 4-4: 55Fe data taken with a radiation-damaged BI CCID-41. Image taken
from[44].
ever, charge injection cannot permanently restore functionality to the CCD, it can
only mitigate the effects of damage. A CCD continually exposed to radiation will
perform worse over time even with charge injection applied. Charge injection only
serves to slow the observed degradation but does not prevent it.
4.3.2 Radiation Shielding
REXIS needs to limit the amount of radiation responsible for displacement damage
seen by CCDs so that the detectors meet science requirements over the life of the
mission. The aluminum structure of REXIS can be made thick enough to attenuate
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the radiation levels to a safe dose for the CCDs. Like the gold coating the aluminum
can be sized thick enough to attenuate radiation exposure down to an acceptable
level. The acceptable dose for the CCDs is calculated from a spectral-widening model
developed by the REXIS science team that relates the dose to the decrease in CCD
spectral resolution. The model is used to calculate the displacement damage dose the
CCDs would have to absorb such that they no longer meet REXIS spectral resolution
requirements. The limit dose is then divided by two to set the maximum required
dose. Based on the XIS test data from [?] the maximum dose for REXIS has been
set at 3.102 rad(Si). More information about the CCD damage model and how the
REXIS maximum dose was obtained is available in Appendix D.
NASA has provided a Radiation Hardness Assurance Plan (RHAP) to the instru-
ment teams[47]. The RHAP contains information about the space radiation environ-
ment OSIRIS-REx will experience as well as design tables and charts to help teams
ensure that their instruments do not fail under radiation-induced effects in this envi-
ronment. Relevant to this discussion is a set of design tables available for designing
around displacement damage in silicon. To use the maximum dose with RHAP tables
the dose must be converted into a flux[47]. For displacement damage the relationship
between the two is
D(E) = NIEL(E)Φ(E) (4.2)
where D is the dose, E is the particle energy, and Φ is the radiation flux. NIEL is
the Non-Ionizing Energy Loss and describes how much energy a non-ionizing particle
with a given energy deposits in some material. Both Φ and NIEL are dependent
on the particle energy. NIEL is dependent on the absorbing material and the type
of incident particle (proton, neutron, or electron). A dose can be converted into an
equivalent flux of particles at one energy using the NIEL factor. Using NIEL in this
way removes the complication of integrating the space radiation environment over a
wide range of particle energies. The designer must choose equivalent environment
(energy and particle) for design purposes. For OSIRIS-REx NASA requires that all
doses be converted to a 10 MeV proton equivalent[47].
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A pictoral form of the radiation design tables in [47] shows how aluminum ex-
ponentially attenuates the radiation environment that causes displacement damage
in silicon. This graph is shown in Figure 4-5. The graph shows five curves that
Figure 4-5: OSIRIS-REx displacement damage attenuation with aluminum
depth.
correspond to equivalent doses depending on the chosen environment. Four of the
five curves are proton environments because the interplanetary orbit of OSIRIS-REx
is dominated by protons emanating from the sun[47]. Once an equivalent flux for
a chosen particle environment is determined the aluminum thickness is specified by
Figure 4-5. The graph ensures that if the radiation-sensitive point is encompassed
by a spherical aluminum shell of any radius with at least the calculated thickness
then it will see no more than the required flux. Figure 4-5 does not include any
safety factors–those must be built in to the required dose calculation. For REXIS
we have already established that the maximum displacement damage dose, including
the safety factor of two, is 3.1 rad(Si). 3.1 rad(Si) is equivalent to a flux of 3.0×1010
10 MeV protons per square centimeter. Using Figure 4-5 we see that a 2 mm thick
aluminum spherical shield nominally brings the displacement damage dose to a safe
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level for REXIS.
4.3.3 REXIS Radiation Cover
Although Figure 4-5 suggests that a 2 mm aluminum spherical shield is appropriate
for the REXIS CCDs the REXIS truss does not provide 2 mm of aluminum in all
directions and so additional shielding is necessary. The REXIS truss panels are only
1.59 mm thick through its skin. To determine how much extra shielding REXIS needs
a CAD model of the entire REXIS instrument was sent to NASA in May 2013 for a
Monte Carlo raytrace analysis using the NOVICE radiation analysis software[48]. The
OSIRIS-REx radiation environment was input into NOVICE and used to estimate the
doses seen by REXIS CCDs. Using this data the estimated dose in the presence of the
DAM shielding and the rest of the REXIS structure was determined by the REXIS
science team to be 664.4 rad(Si) if the mask is left open to space throughout the entire
mission. Based on the analysis shown in Appendix D a 4 mm-thick aluminum shield
covering the mask will bring the radiation dose below the 3.1 rad(Si) requirement.
Adding a 4 mm cover over the mask not only compensates for the inadequate shielding
provided by the truss but also completely seals any open holes through which photons
may easily enter the REXIS telescope assembly.
A one-time deployable mechanism was designed to remove the radiation cover
from the instrument field of view once REXIS enters its primary mission phase and
begins to collect science data. CAD of the radiation cover is shown in Figure 4-
6. The radiation cover and deployment mechanism are mounted to the coded-mask
tensioning frame. The 4 mm-thick aluminum shield rotates about a custom spring
hinge with a 316 stainless steel shaft and 302 stainless steel torsion springs (not
shown) to move the door. The springs wrap around the shaft and its legs are mounted
in the top of the mask frame (which is fixed) and the cover (which rotates). The
mechanism rotates about Vespel SP-3 bushings. Vespel SP-3 is made of polyimide
resin and 15% molybdenum disulfide filler. Molybdenum disulfide provides a low-
friction, non-abrasive coating in dry environments and is a common lubricant for space
hardware. The shaft is burnished with molybdenum disulfide dry-film lubricant per
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(a) Front view.
(b) Back view.
Figure 4-6: REXIS radiation cover.
MIL-PRF-46010G directly underneath the torsion springs to prevent cold welding
of the =springs to the shaft[49]. The surface of the torsion springs that contacts
the shafted is coated with Braycote 600EF to catch molybdenum particles that may
otherwise fall onto the detectors and potentially short them out. The non-burnished
shaft areas are coated in a barrier film to prevent creep of the Braycote 600 off the
torsion springs into the instrument. The shaft has an oversized head at one end and
external threads screwed into an MS21043 4-40 locking nut at the other to prevent it
from falling out after assembly.
The radiation cover is actuated with a small electromechanical device known as
a Frangibolt, developed and sold by TiNi Aerospace. A Frangibolt is composed of a
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small cylinder made of a proprietary shape memory alloy similar to nitinol and an
thermally insulating jacket with integrated heater. A titanium bolt with a specially
engineered notch in it is installed through the Frangibolt cylinder and used to bolt
two structures together. When heated, the Frangibolt expands axially and load the
bolt in tension while loading the joint in compression. If the bolted joint has weak
thermal conductivity the Frangibolt will expand enough to fracture the bolt at the
notch, releasing two structures from each other. The notch is placed at the separation
plane whenever possible to prevent jamming. Frangibolts come in different sizes to
support loads ranging from 150 lbf (#4 screw) to 10,000 lbf (1/2” screw). The FD04
was chosen for its low mass (7 g) and small size (0.500” length×0.400” diameter).
The use of the FD04 on REXIS is shown in Figure 4-7. On installation the
Frangibolt stows the radiation cover and reacts to the force of the torsion springs
trying to pull the cover open. 4-7a shows the Frangibolt installed with the special
bolt, three titanium washers, and an MS21043 locking nut for vibration resistance.
The Frangibolt fastens two 0.063” tabs (one on the cover, one on the mask frame)
together to maximize the stiffness of the bolted joint while ensuring that the cover and
mask frame are machinable. If the tabs were thinner than 0.063” they may fracture
due to high loads applied during machining. If the bolted joint is not stiff enough
the Frangibolt will compress the structure instead of loading the bolt and the cover
will not actuate. The use of titanium washers limits the heat transfer between the
Frangibolt and the rest of the structure. If the Frangibolt loses more heat than it
retains the shape-memory alloy will not elongate and apply sufficient tensile load on
the bolt to fail it.
4-7b shows the custom modifications to the titanium bolts requested by the
REXIS team. 0.063” flats on the end of the bolt were designed for a pair of pliers
to hold the bolt and react the installation torque on the nut. Holding the bolt by
the head and then installing the nut would react the torque through the notch and
could fail the bolt in shear. The REXIS bolts also have no drive features in the bolt
head to prevent improper installation. A drive or handling feature may be added to
the bolt head in a future iteration of the design to simplify installation of the bolt
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(a) Isometric view with Frangibolt housing re-
moved.
(b) Section view.
Figure 4-7: Frangibolt use on REXIS.
without increasing the risk of bolt failure on installation. Braycote 600EF lubricant
is used throughout the assembly to reduce running torque and control preload on the
bolt. The bolt is installed to 50 in-ozf above running torque to achieve a nominal
preload of 150 lbf. The bolt fails at approximately 500 lbf tensile force[50]. A head
containment cap and housing are shown in the bottom picture in Figure 4-7. These
two ancillary pieces catch the washers, Frangibolt, nut, and broken bolt pieces after
the device is actuated. The housing has a pass-through for the wiring used to carry
power to the Frangibolt. A 0.094”-thick rubber layer (not shown) is cast into the
bottom of the housing to dampen the shock load produced by actuation. At least
85
0.040” of clearance must be present between the bolt and the rubber to accommodate
the actuator stroke[50]–the current clearance is 0.077” to provide margin.
After the frangible bolt fails the cover is free to move. A dynamic analysis and
validation of the dynamic model of the cover will be presented in the next chapter.
A 316 stainless steel ball-nose spring plunger imparts a impulse to the end of the
door to initiate motion. However, the torsion springs and not the spring plunger are
responsible for providing enough torque for the mechanism to operate through its
entire range of travel. A view of the separation surface after deployment is shown in
Figure 4-8.
Figure 4-8: Separation surface of the radiation cover.
In Figure 4-8 the spring plunger is shown next to dowel pins that take up the
launch loads imparted to the door in shear. The clearance between the dowel pins
and their mating holes in the cover is shown in Figure 4-9. In the current design
there is 0.001” of radial clearance at the shear reaction pins. The small clearance
likely necessitates matched drilling of the cover and the mask frame to ensure the
reaction pin and the hole line up. It is important for this clearance to be less than
0.002” since that is the radial clearance between the frangible bolt and the Frangibolt.
A clearance less than this amount ensures that the dowel pins take the load instead
of the titanium bolt. The radial clearance in the hinge has also been sized at 0.002”
to ensure compatibility with this feature.
The cover also requires special accommodations to ensure that it releases. If
the cover does not release then REXIS will be unable to take data. In the event
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Figure 4-9: Radiation cover shear takeup feature.
the surfaces held by the Frangibolt do move on launch a durable coating is required
between them to prevent cold welding due to fretting. Fretting is the relative motion of
two surfaces in contact under vibration. Vibration-induced forces can wear contacting
surfaces by stripping material from them. The bare surfaces in contact then present
increased risk of cold welding[36]. Because REXIS cannot take data without the
interface shown in Figure 4-8 releasing it is of critical importance that steps are
taken to prevent cold welding at the separation plane. Hard anodization per MIL-
A-8625F[51] with a Teflon additive on both sides of the separable interface provides
a hard, abrasion-resistant, low-friction coating that will protect against fretting on
launch. A durable coating like anodized aluminum will not wear down while being
held at 150 lbf by the Frangibolt over a multiyear interplanetary cruise, thus ensuring
the cover will not cold weld shut.
The last detail of the mechanism is assurance that after release the cover fully
clears the instrument field of view so that data can be taken without obstructions in
front of the mask. When stowed the cover underside must be gold-coated to allow for
instrument calibration in the absence of self-generated background. The gold coating
of the underside of the cover is only required in the area over the mask pattern. Soft
gold on the cover in constant contact with the top mask frame before deployment
could introduce stiction and interfere with deployment. After deployment the cover
must stay out of the full-width zero intensity (FWZI) field of view at all times to allow
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science photons to enter through the mask and so that the cover does not fluoresce in
the direction of the detectors. The leftover torque developed in the torsion springs on
installation that is not used for actuation of the cover is responsible for holding the
cover open. The FWZI of the instrument is shown in 4-10a. The FWZI is the surface
that connects the edge of the mask pattern to the entire perimeter of the detector
array. Successful clearance of the FWZI field of view by the mechanism is shown in 4-
10a. The mechanical features that set the clearance are shown in the bottom picture
in the same figure. The clearance is set by small protrusions on the door that contact
the top part of the mask frame to limit the range of motion. If these protrusions are
made shorter the cover will open to a larger angle and the converse is also true. In
4-10b the protrusions are 0.188” long and set a minimum clearance of 0.404”. The
remaining torque available in the springs holds the door open permanently at this
angle. The protrusions will be covered in a rubber bumper to damp the shock load
of the cover striking the instrument when it stops. The bumper will also prevent
scratching of the mask frame on impact (not shown in 4-10b). Future work includes
selection of an appropriate damping material and determining its placement on the
instrument.
4.4 Chapter Summary
The factors that drive that need for environmental protection of the CCDs by the
DAM have been defined and mitigated through use of coatings and appropriate ma-
terials. Coatings that prevent surface charging-induced ESD and cold welding of the
DAM have been selected and justified. The use of gold coating and radiation shield-
ing ensures that the instrument meets spectral resolution requirements throughout
the mission. The detailed design of a one-time deployable cover for protection of the
CCDs from radiation-induced displacement damage has been presented. Threats to
the on-orbit reliability of this mechanism on-orbit have been considered and mitigated
with appropriate design details. The next chapter analyzes the expected performance
of the DAM and radiation cover along with validation of these models via test.
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(a) Clearance of the FWZI field of view by the radiation cover.
(b) Clearance-setting features on the radiation cover.
Rubber dampers are not shown.
Figure 4-10: Proper clearance of the instrument field of view by the radiation
cover and the features that adjust the amount of clearance.
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Chapter 5
Performance of the REXIS DAM
and Radiation Cover
Validation through analysis and test of the REXIS DAM and radiation cover de-
signs are important for ensuring that these systems perform as expected and meet
project requirements. First, a tolerance stackup of the DAM is presented and com-
pared to measurements taken from prototype hardware to see if the hardware falls
within expected bounds on misalignment of the CCDs relative to each other. Next,
a sensitivity analysis showing how key dimensions of DAM parts control the overall
misalignment between CCDs. The sensitivity analysis determines which parts in the
DAM need tighter tolerancing if the CCDs are found to be out of alignment during
system-level tests. Then, the radiation cover dynamics are modeled from first prin-
ciples to establish its equation of motion. The physics and geometry of the system
are related to a requirement on the amount of torque necessary to ensure success-
ful deployment of the cover. Finally, the dynamic model of the cover is validated
through test and the uncertain model parameters are correlated to data from a range
of environmental test cases.
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5.1 DAM Alignment Analysis
5.1.1 Nominal Model
The misalignment of the CCDs in the DAM is a part of the REXIS instrument-
level error budget. A diagram of all the contributions to instrument error is shown
in Figure 5-1. In Figure 5-1 all the factors that contribute to REXIS’ ability to make
Figure 5-1: REXIS instrument-level error budget.
elemental abundance maps in imaging mode are shown flowing down from top-level
requirements down to the constituent parts of each requirement. The requirements in
the orange boxes are to be determined/reviewed (TBD/TBR) and the requirements
in the green boxes have been set. The contribution of the analysis presented in this
chapter maps to the two boxes in Figure 5-1 outlined in red regarding DAM x/y and
z translation with respect to the mask (all coordinates in this section are instrument
coordinates as defined in Figure 1-1). For now the approach is to determine the
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expected misalignment between CCDs in the DAM as a piece of these errors (since
the rest of the instrument must be analyzed to fully determine the location and
orientation of the detector plane relative to the mask).
The goal of the misalignment analysis is to determine the effect of fabrication
tolerances on package placement inside the DAM. The difference between nominal
spacing and actual spacing between packages is a portion of the red-outlined boxes
in Figure 5-1 determined by the analysis. Misalignment in each of x, y, and z is
defined as the offset between the envelope of the entire four-detector imaging area
and the as-designed envelope. The envelope is set by the location of each of the four
CCD packages in the DAM. The imaging area is not contiguous across all four CCDs
because each CCD die contains inactive silicon around the die edge. The CCD dies
also have been placed inboard from the edges of the package as a precaution against
improper handling. Recalling that REXIS bins individual detector pixels into 16×16
superpixels we would like the gaps between imaging areas be an integer number of
superpixels to simplify science data analysis. The gaps should also be as narrow
as possible to minimize spatial gaps in the data. However, the CCDs need to be
spaced far enough apart that they can be installed in the DAM without the packages
touching each other. If the packages come into contact during assembly of the DAM
the CCD dies may be irreparably damaged. To balance these considerations the gaps
between the packages are designed to be three superpixels in x, four superpixels in
y, and zero in z (i.e. the CCDs are all co-planar). In practice achieving a gap that
exactly spans an integer number of superpixels is not achievable due to fabrication
tolerances. Tolerance stackup of the parts inside the DAM will change the spacing of
the CCDs in all three directions. Examining the tolerance stackup will determine the
minimum and maximum envelopes of the imaging area for a set of tolerances assigned
to the dimensions of each part in the DAM.
In order to determine the expected package locations in the DAM we begin by
establishing a baseline tolerance stackup from the CAD model of the assembly. The
CAD represents an ideal model of the DAM but automated tolerance stackup tools in
the CAD program (Solidworks Professional 2012) allow for fabrication tolerances to
93
be placed on all features of all parts. The parts in the DAM necessary for establishing
a tolerance chain for alignment are shown in Figure 5-2. In Figure 5-2 all the radiation
Figure 5-2: Reduced model of the DAM for baseline tolerance stackup.
shields have been removed as they do not contribute to the alignment of the structure.
The reduced model of the DAM contains only the baseplate, a package carrier, a
single CCD package, and the alignment pin for the CCD. This model is sufficient
because the DAM is symmetric about both the x− z and y − z planes. Determining
the misalignment for one package fully determines the misalignment for all of them.
Combinations of the minimum and maximum misalignments in x, y, and z yield the
net minimum and maximum misalignments for the detectors relative to each other.
Referring to Figure 5-2, misalignments in x were measured with respect to the blue
edges, misalignments in y were taken with respect to the red edges, and misalignments
in z were taken with respect to the planes defined by the green lines.
The detector package CAD has also been reduced for this analysis. The detector
itself is normally modeled as a three separate parts: The CCD active silicon (45µm),
an Epotek 377 epoxy layer (10µm), and a thick piece of inactive silicon for handling
(675µm). In CAD all these parts are stacked onto an additional part modeling the
epoxy (Ablefilm ECF-550, 25.4µm) between the CCD and the alumina substrate. It
is assumed all four parts have the same surface area and are constrained to move
together. The Ablefilm is modeled by the light gray patch on the CCD package in
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Figure 5-2 and is used in the tolerance chain to represent the entire CCD to simplify
analysis (i.e., the entire CCD has been removed from the CAD). The position of the
Ablefilm on the substrate uniquely determines the position of the CCD. Without
this simplification Solidworks will assume that the three layers of the CCD and the
epoxy that bonds the CCD to the alumina are not rigidly adhered together and that
all three CCD layers can move independently of each other. Such a situation is not
physically possible and will only introduce error into the analysis.
Reasonable tolerances that can be expected from a professional machinist have
been assigned to the parts to determine how much misalignment these tolerances in-
troduce. If the misalignment between detectors due to the DAM is found to violate
requirements the tolerances can be revised and the analysis run again to update the
design before parts are fabricated. Tolerances on the parts for analysis of the DAM
model were assigned as follows. The tolerance on the dowel pin was provided by the
vendor who supplied the CAD model1. The REXIS engineering model CCDs have
been fabricated and the tolerances requested when the parts in the assembly were
procured are used here. The alumina was procured to a specification of ±0.0005”
in all dimensions. The tee was procured to ±0.005” in all linear dimensions not re-
sponsible for alignment in x, y, or z and ±0.001” for all other linear dimensions. LL
has provided data on average CCID-41 die sizes in x and y to the REXIS team. The
standard deviation of this data was used to set plus/minus tolerances on the Ablefilm
in the model. For the z tolerance on the die a tolerance of ±0.0001” was assigned to
the height of the Ablefilm. Data are not available for deviation in z for the CCID-41
or Ablefilm so this tolerance was established as 10% of the nominal film thickness as a
conservative estimate. The estimate for the Ablefilm thickness tolerance is reasonable
for the CCID-41 die thickness as well considering that precision lithography processes
accurate to 45 nm are used to fabricate the CCD. Regardless, it will be shown that
this tolerance is not critical for alignment. For all other parts a nominal tolerance of
±0.005” was assigned to all linear dimensions not directly responsible for the align-
ment of the package and ±0.001” for all other linear dimensions. All hole placements
1http://www.mcmaster.com/#97395a438/=nw46t8
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and diameters were are specified to ±0.001”. The tolerances listed in this paragraph
are shown in tabular form in Table 5.1
Table 5.1: Tolerances used in the baseline tolerance stackup of the reduced
REXIS DAM CAD.
Part Feature ± Tol. (in.) Source
CCD tee All linear dimensions 0.005 As designed
CCD tee 2-56 blind tapped hole location 0.001 As designed
CCD alumina All linear dimensions 0.0005 As received
Ablefilm ECF-550 Die size in x 0.00016 Vendor data
Ablefilm ECF-550 Die size in y 0.00039 Vendor data
Ablefilm ECF-550 Thickness in z 0.0001 Estimated
DAM baseplate All linear dimensions 0.005 As designed
DAM baseplate All hole locations 0.001 As designed
Alignment pin Diameter -0/+0.0002 Vendor data
Package carrier All linear dimensions 0.005 As designed
Package carrier All hole locations 0.001 As designed
5.1.2 Sensitivity Analysis
One of the outputs of the tolerance stackup is a sensitivity analysis that deter-
mines which dimensions are responsible for a calculated portion of the overall mis-
alignment. We can use this information to determine how to redesign the DAM in
case instrument-level tests find the DAM out of alignment with respect to the mask.
Such a test would involve fluorescing the detectors with an X-ray source through the
mask and determining if the X-rays that pass through the open mask pixels strike
the detectors where we expect them. Table 5.2 shows the largest contributors to
misalignment in the DAM.
The values in the third column of Table 5.2 sum to 100% for each of x, y, and z.
According to Table 5.2 74.63% of the misalignment in z is attributed to the thickness
of the baseplate and 14.93% is attributed to the thickness of the package carrier.
Therefore, the height of the CCDs off the detector plane is largely controlled by the
thickness of the DAM baseplate. Table 5.2 also justifies the estimation of the tolerance
on the epoxy layer because the epoxy layer is so thin that it only contributes 1.49%
to the total misalignment z. Knowing the tolerance on this thickness is therefore
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Table 5.2: Sensitivity analysis of dimensions that contribute to DAM misalign-
ment.
% Contribution
Dimension x y z
Tee placement on the package in x 100 0 0
Tee placement on the package in y 0 62.50 0
Dowel pin placement on the baseplate in y 0 18.75 0
Location of the tee face tangent to the dowel pin 0 12.50 0
Diameter of the dowel pin 0 6.25 0
Thickness of the DAM baseplate in z 0 0 74.63
Thickness of the package carrier in z 0 0 14.93
Thickness of the alumina in z 0 0 7.46
Thickness of the tee-to-alumina epoxy in z 0 0 1.49
Thickness of the CCD in z 0 0 1.49
not important. The biggest drivers for x − y location of the imaging area are the
tee placement on the package. LL is responsible for this fabrication step and so the
REXIS team must provide the correct tolerances to LL to ensure proper placement of
the CCD package. LL is also able to compensate for out-of-tolerance dimensions in
the machined tee by moving the tee away from its nominal location to put the faces
relevant for alignment in the correct place. Therefore, even though 12.50% of the
misalignment in y is attributed to the tee dimensions the tolerance on this feature is
not as critical as it appears.
5.1.3 Baseline Model Results
The results of the baseline analysis are shown in Table 5.3. The values in Table 5.3
refer to the linear distances between the two blue reference edges in x, the two red
reference edges in y, and the two green planes in z defined in Figure 5-2. The values
Table 5.3: Reduced data set from the nominal tolerance stackup. Distances
in each direction are taken between the reference features shown in
Figure 5-2.
Direction Nominal (in.) Min. (in.) Max. (in)
x 0.0488 0.0403 0.0563
y 0.365 0.360 0.370
z 0.553 0.546 0.560
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from the third and fourth columns in Table 5.3 are used along with dimensions from
the CAD to determine the minimum and maximum extents of the active imaging area.
The results are shown in Table 5.4. The z distance is taken from the bottom of the
DAM to the actual detector plane, not the plane of the Ablefilm in the reduced CAD.
A graphical representation of Table 5.4 is shown in Figure 5-3. For the x-y envelope
shown in 5-3a an inset of the corner of the envelope is displayed in 5-3c to show
the range of imaging area locations to scale. Since the imaging area is symmetric the
spacing shown in 5-3c applies for the whole imaging area. Similar figures are shown
in 5-3b and 5-3c to show the to-scale range of detector plane heights referenced to
the bottom of the DAM.
Table 5.4: Worst-case envelope of the detector plane with nominal fabrication
tolerances.
Dimension Nominal (in.) Min. (in.) Max. (in.)
Extent of imaging area in x 1.994 1.988 2.011
Extent of imaging area in y 1.982 1.972 1.992
Bottom of DAM to CCD plane in z 0.582 0.575 0.589
The values in Table 5.4 reflect expectations for the worst-case envelope of the
detector plane when the hardware is fabricated. If the plane does not fall in the
envelope defined by Figure 5-3 then the hardware has not been fabricated to specifi-
cations. The baseline model establishes a guideline for the envelope that is expected
if the machinist holds the parts to all requested tolerances. As stated at the beginning
of the chapter Table 5.4 is part of the input to the red-outlined boxes in the REXIS
error budget shown in Figure 5-1. The full instrument CAD is required to define the
effect of fabrication tolerances on REXIS’ ability to construct elemental abundance
maps of Bennu.
5.1.4 Test Results and Model Comparison
The prototype DAM described in Chapter 2 and shown in Figure 2-7 can be
used with metrology data taken by LL for the engineering model CCD packages
to determine if the hardware on hand falls within the envelope in Table 5.4. LL
has taken measurements of the CCDs on each package with a laser interferometer
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(a) x-y envelope of the detector plane for the base-
line model.
(b) z envelope of the detector plane for the baseline
model.
(c) x-y envelope of the detector plane for the base-
line model.
(d) z envelope of the detector plane for the baseline
model, shown to scale.
Figure 5-3: Graphical representations of Table 5.4. In both 5-3c and 5-3d
the dotted red line represents the minimum extent of the envelope,
the blue dashed line represents the nominal extent, and the green
dot-dash line represents the maximum extent.
(Cyberscan CT300) to provide a precise measurement of the die locations in x and y
with respect to the upper left corner of the package substrate. The dies were found
to be both translated and rotated from the nominal position in CAD. Using the LL
data and measurements taken off the prototype DAM hardware we can update the
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model and estimate the true location of the imaging area. The results are shown in
Table 5.5. The values in this table relate to Figure 5-3 in that the changes in each
specified direction are with respect to the center of the detector plane in x and y and
the nominal detector plane in z. Table 5.5 is shown graphically in Figure 5-4. In
all subfigures of Figure 5-4 in the dotted red line represents the minimum extent of
the envelope, the blue dashed line represents the nominal extent, the green dot-dash
line represents the maximum extent, and the solid orange line represents test data
taken with the ETU DAM. Figure 5-4 shows that the ETU DAM falls within the
Table 5.5: Measured envelope of the engineering model detector plane.
Direction Nominal Dim. (in.) Est. Change (in.)
+x 0.997 0.0029
-x 0.997 0.0019
+y 0.991 0.0018
-y 0.991 0.0005
+z 0.582 0
-z 0 0.010
envelope established by Table 5.4 in x and y but not in z. Therefore, the ETU DAM
demonstrates that the parts responsible for the x−y alignment of the packages can be
procured and assembled within fabrication tolerances. The solid orange line in Figure
5-4e falls below the minimum extent of the envelope, meaning that the assembly is
out of tolerance in z. The data also indicate the detector plane is asymmetric about
the x and y centerlines of the DAM. The imaging area is bounded by a 1.999”×1.985”
x− y rectangle. The center of the detector plane is shifted from the DAM center by
0.0005” in +x and 0.0007” in +y. The detector plane height sits 0.003” below the
lower limit of the z-envelope.
We can now revisit Table 5.1 and recommend tolerances for the engineering model
(EM) DAM based on the results using the ETU DAM. The recommendations are
shown in Table 5.6. It was found that the z-height of both the package carrier and
the DAM baseplate in the ETU DAM were procured out of the specified tolerance
of ±0.005” on the z-height of the parts based on measurements of the parts and the
result in Figure 5-4e. Based on the results of the sensitivity analysis in Table 5.2 the
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(a) +x-+y corner of the envelope of the de-
tector plane for the ETU DAM.
(b) −x-+y corner of the envelope of the de-
tector plane for the ETU DAM.
(c) −x-−y corner of the envelope of the de-
tector plane for the ETU DAM.
(d) +x-−y corner of the envelope of the de-
tector plane for the ETU DAM.
(e) z extent of the envelope of the detector
plane for the ETU DAM.
Figure 5-4: Graphical representations of Table 5.5.
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Table 5.6: Tolerances used in the tolerance stackup of the ETU DAM and rec-
ommendations for EM DAM tolerances.
Part Feature ETU Tol. (in.) EM Tol. (in.)
CCD tee All linear dimensions 0.005 0.001
CCD tee 2-56 tapped hole location 0.001 0.001
CCD alumina All linear dimensions 0.0005 0.0005
CCID-41 Die size in x 0.00016 As received
CCID-41 Die size in y 0.00039 As received
CCID-41 Thickness in z 0.0001 As received
DAM baseplate All linear dims. except z height 0.005 0.005
DAM baseplate z height 0.005 0.001
DAM baseplate All hole locations 0.001 0.001
Alignment pin Diameter -0/+0.0002 -0/+0.0002
Package carrier All linear dims. except z height 0.005 0.005
Package carrier z height 0.005 0.001
Package carrier All hole locations 0.001 0.001
tolerance on the height of the DAM baseplate and package carrier in z have been ad-
justed from the standard machining tolerance of ±0.005” to a typical tight machining
tolerance of ±0.001”. The tight tolerance of ±0.001” was chosen for its familiarity
to both designers and machinists as a standard tolerance for critical dimensions of
machined parts. The tolerance on linear dimensions of the tee has also been decreased
from ±0.005” to ±0.001” because the sensitivity analysis revealed how sensitive the
x−y alignment of the CCDs is to the location of the tee alignment faces on the pack-
age. As opposed to changing the tolerance on the package carrier and DAM baseplate
as a corrective measure changing the tolerance on the tee is a preventive measure.
The tolerances on the CCID-41 die itself has been marked “as received” because LL
cannot control the CCD die size to within an exact tolerance.
Possible sources of error in the analysis relate to how the tolerance stackup was
carried out and real-world constraints on the parts. The order of assembly of the parts
in the tolerance stackup impacts the final result. The dependence on order of assembly
is notable because in the analysis the CCD package was built from the bottom up
in conjunction with the DAM when in reality they are constructed separately and
then assembled together. Solidworks does not permit for a subassembly with its own
tolerance stackup to propagate the results into another stackup that contains the
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subassembly. In addition, the tolerances assigned to the parts are not guaranteed
to be held by a professional machine shop until they review the machine drawings
for each part. Although 0.001” and 0.005” are common tolerances on features like
linear dimensions and hole placements the full set of tolerances for each part should be
evaluated by the machinist to ensure that they are all compatible with the fabrication
methods and fixturing required to fabricate the parts in the assembly.
5.2 Radiation Cover Dynamics
As a new design the REXIS radiation cover is unproven and must undergo exten-
sive modeling and testing to verify and validate its design. In this section we model
the physics of the radiation cover from first principles including a careful treatment
of the static and dynamic friction in the system. The physics of the cover deployment
are used as an input into the design to ensure that the mechanism provides enough
torque to actuate the cover through its full range of travel. A test of a prototype
radiation cover designed to validate the physical model and demonstrate operation of
the Frangibolt is described along. Test results are presented along with model-data
correlation to determine the most statistically-likely values of uncertain parameters
that factor into the physical model.
5.2.1 Dynamic Model
To analyze the radiation cover using we start with a free-body diagram. A 2D
free-body diagram of the radiation cover at the time t = 0+, right after the Frangibolt
actuates, is shown in Figure 5-5. We choose our coordinate system to have its origin
at the hinge line and in the inertial reference frame (i.e. not moving with the cover).
The only degree of freedom for the system is rotation about z and is represented by
the generalized coordinate θ, the angle of the cover, because the mechanism prevents
translation in and rotation about x and y. Translation about z is not relevant to the
analysis presented here.
For a dynamic analysis of a 2D system with one rotational degree of freedom a
torque balance is the most direct way to obtain the equation of motion. The torque
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Figure 5-5: Free-body diagram of the REXIS radiation cover.
balance for the cover is ∑
τ = τext = τI + τf,d + τs (5.1)
where τext is the sum of all external torques on the mechanism, τI is the inertial torque
due to the angular acceleration of the cover, τf, d is the dynamic frictional torque on
the cover, and τs is the torque due to the torsion springs. For a cover with moment
of inertia I the inertial torque τI due to its angular acceleration is
τI = Iθ¨. (5.2)
The cover rotates about an axis other than one through its center of mass so we use
the parallel-axis theorem to define I as
I ≡ ICM +mr2CM (5.3)
where ICM is the moment of inertia about the center of mass, m is the mass of the
cover, and rCM is the distance from the hinge line to the cover center of mass.
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We now wish to find the torque due to dynamic friction in the hinge τf,d. The
frictional torque acts where the shaft meets the hinge bushing. Therefore, the lever
arm over which the friction force is applied is the shaft radius rs and the problem
reduces to finding the dynamic friction force Ff,d
τf,d = rsFf,d. (5.4)
. The reaction force of the bushing on the shaft Frxn is the normal force used to find
the friction in the system. We can then write
Ff,d = µdFrxn (5.5)
where µd is the dynamic coefficient of friction of the bushing material. The bushing
reacts the centripetal force Fc on the cover when the cover is in motion in order to
prevent translation of the door. As a result Frxn and Fc are equal in magnitude and
opposite in direction. When the cover rotates with angular velocity θ˙ the centripetal
force Fc acting on it is
Frxn = Fc =
mv2
rCM
=
m
(
rCM θ˙
)2
rCM
= mrCM θ˙
2. (5.6)
Substituting Equation 5.6 into Equation 5.4 gives us the desired τf,d
τf,d = rsFf,d (5.7)
= rs (µdFrxn)
= rs
(
µdmrCM θ˙
2
)
.
Torsion springs are responsible for the motion of the cover. Assuming the springs
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are linear the torque on the cover due to the springs τs is
τs = kθ (5.8)
where k is the spring constant. In the general case the radiation cover uses n re-
dundant springs. The springs must be wound through a no-load angle α to develop
their torque. By taking θ = 0 to be the stowed position of the cover we can rewrite
Equation 5.8 as
τs = nk(α− θ). (5.9)
The external torques are the torque due to the spring plunger, the torque due
to the static friction in the hinge, and any torques due to the method of actuation.
If the distance from the axis of rotation to the spring plunger is ` and the plunger
provides a force Fp then the torque exerted on the cover by the plunger is simply
`Fp. The torque due to static friction in the hinge τf,s will be derived in the next
section. Any additional torque due to the actuation method cannot be modeled and
will be represented by τa. All the external torques only act at the instant the door
is released and so it is appropriate to model the torques as impulses using the delta
function δ(t). Therefore, the sum of external torques is
∑
τext = (`Fp − τf,s + τa) δ(t). (5.10)
The sign on the torque due to static friction is negative to indicate that it opposes
motion. τf,s is derived in the next section after which the complete equation of motion
of the cover will be discussed.
Although τa is unknown we can determine its order of magnitude relative to the
torsion springs for the case of the Frangibolt. The Frangibolt bolt breaks at a nominal
tensile force of 500 lbf = 2224 N. Therefore the force due to actuation Fa on the broken
bolt head is also 2224 N. From Newtonian mechanics we know that
Fa =
dp
dt
≈ ∆p
∆t1
(5.11)
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where p is the linear momentum of the bolt head and t1 is the time over which the bolt
head separates from the bolt during fracture. We can find the angular momentum ∆L
gained by the cover when the bolt head strikes the containment cap. Using ~L = ~r× ~p
and Equation 5.11 we see that
∆L = `Fa∆t1 (5.12)
where we have substituted the lever arm over which p acts with ` for the mechanism
geometry shown in ??. The rotational analog to Equation 5.11 is
τ =
dL
dt
≈ ∆L
∆t2
(5.13)
where t2 is the time over which the bolt head transfers its momentum to the door. We
now make the assumption that the separation of the bolt head from the bolt and the
momentum transfer from the bolt head to the cover are both approximately instanta-
neous so that ∆t1 ≈ ∆t2. With this approximation we can substitute Equation 5.12
in Equation 5.13 and find that the torque τa imparted by the bolt head on the cover
is simply
τa = `Fa. (5.14)
Equation 5.14 assumes a perfectly inelastic collision which is physically unrealistic.
Still, given that ` = 0.067 m and Fa=2224 N even for a collision where only 10%
of the angular momentum from the bolt head is transferred to the cover the torque
generated is 14.85 N·m  0.031 N·m for the soft springs used in the tests with the
Frangibolt. Therefore, the torque on the cover due to the Frangibolt is considered to
dominate the force provided by the springs for modeling purposes.
5.2.2 Torque Margin and Static Model
The only requirement levied on the radiation cover other than successful operation
is that the mechanism has enough torque, with margin, to rotate the cover through
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its full range of motion. NASA defines torque margin as[52]
TM =
τavailable
Sknown
∑
τknown + Svariable
∑
τvariable
− 1 (5.15)
where τavailable is the torque available to sustain motion (from torsion springs, motors,
etc.) and τknown,variable are torques in the system that oppose motion (from friction, for
example). A torque is considered known if it is “quantifiable [. . . ] and not influenced
by friction, temperature, life, etc.”[52]. All other torques are considered variable.
Sknown,variable are safety factors on these resistive torques and are allowed (but not
required) to change in torque margin calculations at yearly lifecycle reviews as the
design matures. The most conservative values for these safety factors prescribed by
NASA are Sknown = 2 and Svariable = 4. Only the conservative safety factors will
be used in the following analysis as they lead to the most conservative design of the
mechanism. If the result of Equation 5.15 is positive the mechanism provides enough
torque for the application.
Referring back to Figure 5-5 at time t = 0+ the cover is free to rotate once the
Frangibolt releases it. Figure 5-5 shows the forces acting on the door:
• Fs,y is the force exerted on the cover by the torsion springs. The force due to
the springs acts in y at t = 0+ but in general is always normal to the cover.
• Frxn is the reaction of the spring force by the hinge. The reaction force is
necessary to prevent translation of the door in y.
• Ff,s is the static friction between the hinge shaft and the hinge bushing devel-
oped in response to Frxn.
Note that gravity is negligble around Bennu and so no gravitational forces act on the
cover center of mass. The available torque to move the door comes both from the
torsion springs and the kickoff spring plunger but torque margin is only calculated
against the springs since they are the primary torque source in the mechanism. The
spring plunger is intended only to initiate motion of the cover and provide a clean
separation between the cover and the mask frame.
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To size the springs such that the mechanism has positive torque margin we must
first find the torques in the system that resist motion. For the system shown in
Figure 5-5 the only resistive torque is due to static friction acting at the point where
the shaft touches the bushing τf,s. Similar to Equation 5.4 the derivation for τf,s
starts by solving for the force of static friction in the hinge Ff,s
τf,s = rsFf,s. (5.16)
And just like Equation 5.5 Ff,s is equal to the coefficient of friction multiplied by the
reaction force in the hinge Frxn
Ff,s = µsFrxn. (5.17)
where µs is the coefficient of static friction of the hinge bushing material. The reaction
force is the normal force required to find the static friction in the hinge.
To find Frxn we use ?? to see that the only force reacted in the hinge at t = 0
+ is
the force Fs due to the total torque τs provided by the torsion springs
∣∣∣ ~Fs∣∣∣ = τs
r`
(5.18)
where r` is the length of the spring leg from the axis of rotation to where the leg meets
the cover. In general ~Fs is reacted by the hinge bushings in an arbitrary direction
with components in x and y (in the coordinate system shown in Figure 5-5)
~Fs = Fs,xxˆ+ Fs,yyˆ. (5.19)
The most conservative case for analysis is when ~Fs is reacted entirely in the y direction
(i.e. ~Fs = Fs,yyˆ). In this limiting case a force balance in y immediately shows that
the reaction force is equal in magnitude and opposite in direction to Fs,y
Frxn = Fs,y. (5.20)
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Fs,y is then equal to
∣∣∣ ~Fs∣∣∣ as calculated in Equation 5.18
Fs,y =
τs
r`
. (5.21)
We substitute Equation 5.21 into Equation 5.20 to show that Frxn =
τs
r`
. Substituting
this value into Equation 5.17 we have now solved for the static friction force in the
hinge Ff,s
Ff,s = µs
(
τs
r`
)
. (5.22)
Now Equation 5.22 can be substituted into Equation 5.16 to find the torque due to
static friciton in the hinge τf,s
τf,s = rsFf,s = rs
(
µs
τs
r`
)
. (5.23)
Using Equation 5.2, Equation 5.8, Equation 5.9, Equation 5.10, and Equation 5.23
we can now write the full equation of motion by substituting these questions into
Equation 5.1
(ICM +mr
2
CM)θ¨ + µdmrCMrsθ˙
2 + nk(α− θ) =
(
`Fp − µsrsτs
r`
+ τa
)
δ(t). (5.24)
Equation 5.15 is applied to the mechanism to determine the design constraint
that ensures positive torque margin. There are no known resistive torques acting on
the cover. If there were a constraint on the opening time of the door after release a
known torque proportional to the inertial torque Iθ¨ on the door would be included
in the torque margin calculation. As we have seen, the only variable torque on the
door is the torque due to static friction τf,s. Inserting τf,s from Equation 5.23, the
spring torque τs, and the safety factors defined at the beginning of this section into
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Equation 5.15 yields
TM =
τavailable
Sknown
∑
τknown + Svariable
∑
τvariable
− 1
=
τs
2(0) + 4τf,s
− 1
=
τs
4µsrsτs
r`
− 1
=
τsr`
4µsrsτs
− 1
=
r`
4µsrs
− 1. (5.25)
Equation 5.25 shows that torque margin for this mechanism is independent of the
torque provided by the torsion springs. The spring torque drops out of the torque
margin calculation because the frictional torque is directly proportional to the spring
torque and there are no other torques acting on the system. Imposing the constraint
that Equation 5.25 be positive yields the following design constraint
r`
4µsrs
− 1 > 0
r` > 4µsrs
r`
rs
> 4µs. (5.26)
Equation 5.26 tells us that the torsion spring leg length must be long enough
such that the force generated by the spring on the door does not generate so much
friction that the door cannot move. Physically, this occurs when the leg length is
very small such at the spring force on the door is high for a fixed spring torque.
Practically speaking, the torque margin is always positive for all physically realizable
designs of the cover. The REXIS radiation cover geometry has rs = 0.184” and
r` = 0.515”. Vespel SP-3 has a coefficient of friction of 0.03 in vacuum
2. These values
satisfy Equation 5.26 and when used in Equation 5.25 demonstrate that the REXIS
radiation cover has TM = 22.32 > 0.
2http://www2.dupont.com/Vespel/en_US/assets/downloads/vespel_s/Vespel_SP-3_ISO.
pdf
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Consider instead using the dynamic friction in the hinge τf,d to determine the
torque margin provided by the mechanism. We can use Equation 5.24 to rewrite
Equation 5.15 to define a dynamic torque margin TMd as
TMd =
nkα
4µdmrCMrsθ˙2
− 1. (5.27)
Numerically integrating Equation 5.24 with values assigned to all the constants will
find the maximum θ˙ (which occurs right before the cover stops against the mask
frame) and therefore the worst-case torque margin in the system. The constants used
in the calculation are shown in Table 5.7 and come from the REXIS CAD as well
as vendor data sheets123. Setting the right-hand side of Equation 5.24 to zero (to
ignore the effects of external torques for the purposes of making a direct comparison
to Equation 5.25) the integration yields a worst-case θ˙ of 9.53 rad/s. Using this
maximum angular velocity along with Table 5.7 in Equation 5.27 corresponds to a
torque margin against dynamic friction of 83.82 > 22.32 (the torque margin against
static friction found in the previous section). The static case does not require a
numerical integration to evaluate because Equation 5.25 only depends on the values
in Table 5.7. Therefore, the static analysis is the conservative case. Even with the
right-hand side of Equation 5.24 included the torque margin is 83.91 > 22.32.
5.2.3 Test Setup
The model of the cover defined by Equation 5.24 was validated by test of a pro-
totype radiation cover. A validated model is useful for predicting the performance of
the cover over a range of potential on-orbit conditions and for estimating the shock
loads the cover will impart to the instrument when it stops. Tests were carried out
on a prototype meant to be mounted on the DAM. This cover is smaller than the
radiation cover presented in this work but uses the same design principles with a few
minor exceptions that do not affect testing. The model in Equation 5.24 is general
and applies to both mechanisms. Therefore, this prototype is suitable for model vali-
3http://www.mcmaster.com/#9287k277/=nvv6mc
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Table 5.7: Input variables used in Equation 5.24 to determine dynamic torque
margin. All units are mks.
Variable Value
ICM 5.7×10−4 kg·m2
m 0.18 kg
rCM 0.081 m
µd, µs 0.03
rs 4.66×10−3 m
n 2
k 9.7×10−3 (N·m)/rad
α pi
` 0.16 m
Fp 2.22 N
r` 0.013 m
dation although its behavior is not considered to be indicative of how the mask cover
will perform.
The test also allows for characterization of the Frangibolt itself which is important
because it represents a major unknown in the system. The Frangibolt is sensitive to
both structural load paths and thermal paths in the mechanism. If the structures
that the Frangibolt separates are too compliant they will deform instead of the bolt
and the bolt will not break. Parasitic thermal losses in the structure will prevent the
Frangibolt from warming enough to elongate to the point where the bolt breaks. It
is unknown whether the radiation cover is stiff enough and provides enough thermal
resistance to allow the Frangibolt to work properly because until now there have been
no tests of the mechanism. Although the inspiration for a one-time deployable radi-
ation cover came from multiple projects, the REXIS cover is a new design and must
be validated. None of the projects REXIS draws heritage from has used a Frangibolt.
The dynamic response of the mechanism to the Frangibolt is also unknown. Again,
this is in part due to REXIS using an unproven design.
The prototype test bench was fabricated to operate in a vacuum chamber over
a range of temperatures while also generating high-fidelity data for analysis. The
prototype is also mounted such that gravity does not act on the door. The lack
of gravity and atmospheric pressure allow the mechanism to operate in a simulated
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space environment. The test bench CAD is shown in Figure 5-6 and the physical
hardware is shown in Figure 5-7. The mechanism is mounted to a copper cold sink
Figure 5-6: CAD of the test bench.
inside a small (10” inner diameter × 4” height) vacuum chamber capable of reaching
100 mtorr pressure in approximately 20 minutes of pump-down time with a Leybold
Trivac D16B pump. The copper block is mechanically coupled to an insulated cylinder
that holds liquid nitrogen (LN2) to cool down the mechanism when under vacuum.
The chamber is also outfitted with a strip heater to warm the mechanism if desired.
The cover has all the same design concepts as the one presented in Chapter 4 including
a 316 stainless steel shaft, Vespel SP-3 bushings, 302 stainless steel torsion springs,
spring plungers, and the same structural interface for the Frangibolt. The relevant
physical parameters in Equation 5.24 for this prototype are tabulated in Table 5.8.
Some changes were made from the original design to the test bench to accommo-
date mounting the prototype to the vacuum chamber:
• The aluminum plate the cover is bolted to is intended to represent the DAM
top radiation shield since that is where the cover was originally located.
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Figure 5-7: Radiation cover prototype installed in the vacuum chamber.
• A special Frangibolt housing was designed and fabricated for this test that
screws into the DAM top shield simulator called out in Figure 5-6. The housing
presented in Chapter 4 mounts to the mask frame and truss.
• Shear reaction features are not included in the prototype.
• The mechanism has two kickoff spring plungers instead of the one shown in
Chapter 4.
• The prototype is attached to an aluminum plate by a piece of G10 to thermally
isolate the two structures. The aluminum plate on the bottom of the chamber
is fastened to a block of aluminum so that the cover can strike and rebound
against a rigid, fixed surface. The stopping mechanism for the design presented
in Chapter 4 is not tested here. Instead the test bench has a rubber bumper
attached to the bolt head containment cap.
Common laboratory hardware is required to support this test. A view of all the
hardware used to run the test is shown in Figure 5-8. Figure 5-8 shows a wiring
harness attached to the top of the the vacuum chamber. The harness carries power
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Table 5.8: Input variables used in Equation 5.24 for the device under test.
Variable Value
ICM 3.93×10−5 kg·m2
m 0.054 kg
rCM 0.041 m
µd, µs (in air) 0.25
µd, µs (under vacuum) 0.03
rs 4.66×10−3 m
n 2
k 9.7×10−3 (N·m)/rad
α pi
` 0.067 m
Fp 4.45 N
r` 0.016 m
and ground lines to both the Frangibolt (9 V, nominally 1.6 A) and the shaft encoder
(5 V, negligible current) from the power supply (GW Instek GPS2303). Not shown
in Figure 5-7 but present in the harness are leads platinum resistive thermal devices
(RTDs) for monitoring the temperature of the mechanism. The RTD resistance is
measured with a multimeter (Fluke 116) and converted to a temperature to verify
the test condition but is not recorded over time. The harness also carries the two
data channels out of the shaft encoder (Avago Technologies HEDS-9100#I00). The
HEDS-9100#I00 is a two-channel shaft encoder that reads a matching codewheel
(HEDS-5120#I06). The codewheel is mounted to a 1/4” aluminum hub fastened to a
U-shaped piece screwed into the cover. An appropriate codewheel that could mount
directly to the shaft was not available for purchase. The shaft encoder provides high-
resolution position data of the door up to 100 kHz with 4x quadrature encoding. It
should be noted that the HEDS-9100 shaft encoder is meant to be used in small
robotics applications applications and is not approved for heavy duty use cases such
as a vacuum environment. Although the radiation cover tests found that the encoder
works in vacuum at first its performance degrades with pressure cycling over time
to the point where it can no longer reliably read the codewheel. It was found dur-
ing data analysis that data sets produced by a faulty encoder either overreport the
cover position or produce anomalous data sets that correlate to physically unrealistic
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Figure 5-8: Radiation cover test hardware.
parameters.
The choice of oscilloscope for this application was found to be extremely im-
portant. The data channels are monitored and logged with a Tektronix TDS5054B
digital oscilloscope and saved as a comma-separated value file to a USB stick for post-
processing. The duration of the mechanism actuation and settling time is 0.1 s and
the frequency corresponding to the angular velocity of the door is 5 kHz. Considering
that many common laboratory scopes will only save the data that appears on-screen
it is important to ensure that the combination of timescale and sample rate settings
chosen for the scope provides a sample rate higher than the Nyquist frequency of
10 kHz for this test. The Tektronix scope can collect and save the data at a sampling
rate of 5 MHz.
In order to conserve the limited supply of custom titanium bolts the mechanism
can be actuated either with a hand release of the cover (for tests done in air) or remote
actuation of a solenoid (for tests done in air or under vacuum). For all actuators data
is collected in the same manner. The test procedure is relatively straightforward:
1. If the actuator is a Frangibolt it is first reset using a custom fixture provided by
the vendor. Because the Frangibolt is made from a proprietary shape-memory
alloy it does not elastically return to its initial length after heating and must
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be compressed before running a test.
(a) If the actuator is a solenoid the solenoid pin is positioned over the cover
to constrain its rotation. The actuator retracts and releases the cover
when 12 V is applied. Data are taken as described in steps 4 and 5 of this
procedure.
(b) If the actuator is a hand release the cover is closed by hand at the Frangi-
bolt end and then released. Data are taken as described in steps 4 and 5
of this procedure.
2. The Frangibolt is installed in the cover as shown in Figure 5-6 using three
titanium washers provided by TiNi, the custom fastener, the MS21043 nut, and
Braycote 601EF lubricant using the procedure described in subsection 4.3.3.
The model shown in Figure 5-6 has the same structural interface shown in
Figure 4-7.
3. The head containment cap and Frangibolt housing are installed over the assem-
bled bolted joint.
4. The electrical connections between the power supply, oscilloscope, multimeter,
shaft encoder, Frangibolt, and RTDs are made.
5. After verifying the connections the scope trigger is armed and power is applied
to the system.
The test is considered successful if the mechanism opens. The actuation time for a
successful test cannot be explicitly set because the time to actuate is application-
dependent and the radiation cover has not been previously tested. Every design that
incorporates a Frangibolt has different structural and thermal paths that will affect
the amount of time the Frangibolt must be heated before the bolt breaks. A 40 s
guideline for actuation time at room temperature and an 80 s guideline for a test at
−50 ◦C comes from TiNi conformance test conditions for the FD04 Frangibolt and is
in family with publicly-available TiNi test data4. If the test is successful the scope
4http://tiniaerospace.com/fcfd04.html
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captures and saves the data and power to the Frangibolt is then removed. Otherwise
power is removed after 40 s or 80 s depending on the test condition.
The radiation cover test was designed to characterize the mechanism when varying
several parameters of interest including actuator, atmospheric pressure, and temper-
ature. The test case matrix is shown in Table 5.9. Note that 80 mtorr is the lowest
achievable pressure in the vacuum chamber at room temperature.
Table 5.9: Test matrix for radiation cover tests.
Temperature Pressure Actuator No. of Tests
25 ◦C 760 torr Solenoid 2
25 ◦C 80 mtorr Solenoid 1
-20 ◦C 80 mtorr Solenoid 1
25 ◦C 760 torr Frangibolt 1
25 ◦C 80 mtorr Frangibolt 1
-20 ◦C 80 mtorr Frangibolt 1
-40 ◦C 80 mtorr Frangibolt 1
5.2.4 Test Results and Model-Data Correlation
For reference the dynamics of the system as represented in Equation 5.24 is
(ICM +mr
2
CM)θ¨ + µdmrCMrsθ˙
2 + nk(α− θ) =
(
`Fp − µsrsτs
r`
+ τa
)
δ(t).
The nominal parameters for the device under test shown in Table 5.8 were used in
Equation 5.24 and numerically integrated to provide a reference for the expected
system performance. The test data are compared to these reference models and the
uncertain model parameters are tuned to match the data. Then the tuned parameters
are compared to the reference parameters to establish how valid the reference model
is. For all reference models the additional force due to the actuator, τa, is modeled
as zero so that the model can fully capture the effect of the choice of actuator on
the mechanism. There is no basis for an estimate of the magnitude of torques on
the cover due to the solenoid or the Frangibolt prior to testing beyond the analysis
in subsection 5.2.1 which concludes that the torque due to the Frangibolt dominates
the torque provided by the torsion springs. The actual magnitude of the torque due
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the Frangibolt is unknown but for all physically realistic scenarios the Frangibolt will
dictate the dynamics of the cover.
There are two dynamic parameters of interest in the system: 10%-90% rise time
trise and time to the first rebound trebound. trebound is defined as the time taken for
the cover to accelerate from rest to the angle where it first comes into contact with
the hard stop. For the prototype the angle between the stowed position and the
hard stop is 102 ◦. trise is defined as the time taken for the cover to rotate between
10% (10.2 ◦) and 90% (91.8 ◦) of the angle between its stowed position and the hard
stop. Because the cover has a hard stop against which it rebounds until it settles
the classical characteristics for linear second-order dynamic systems of time to the
first peak and settling time do not apply. In addition Equation 5.24 is nonlinear in
θ˙ so the characteristic times cannot be calculated analytically based on the damping
ratio ζ and natural frequency ω of the model. Instead, trise and trebound are calculated
numerically (from both model simulations and actual data) to characterize the system.
The characteristic time scales for the reference models relevant to the test cases in
Table 5.9 are shown in Table 5.10. If the mechanism behaves ideally the data sets
will have the same characteristic parameters as those shown in Table 5.10. Note that
Table 5.10: Characteristic dynamic parameters for radiation cover test refer-
ence models.
Pressure (torr) trise trebound
760 59.6 ms 91.4 ms
80×10−3 59.0 ms 90.8 ms
the reference models are temperature independent because Equation 5.24 does not
explicitly depend on temperature. The difference between the air and vacuum cases
is minimal because friction is not a driving force in the system. Actuation in vacuum
is predicted to be faster than in air solely due to the reduced coefficient of friction in
the bushings (nominally 0.25 in air, 0.03 in vacuum).
The other metric of interest is the coefficient of determination, R2. R2 represents
how well the tuned model fits the data. If the data is composed of i points and has
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a mean θ¯ then R2 can be defined as
R2 ≡ 1−
∑
i
(
θi − θˆi
)2
∑
i
(
θi − θ¯
)2 (5.28)
where θˆi is the value of θ predicted by the model at data point i. The numerator in
Equation 5.28 is the residual sum of squares and represents the total error between
the model and the data. The denominator in Equation 5.28 is the total sum of squares
and is used to normalize the residual sum in order to bound R2 between zero and
one. Equation 5.28 is the objective function that is maximized when the estimated
parameters used in Equation 5.24 to provide the cover position estimate θˆ are optimal.
In order to tune the model we must determine which parameters in Table 5.8 are
most likely to change between the design in CAD and the actual prototype.
• rs, `, and r` are all linear dimensions that describe the geometry of the mecha-
nism. The prototype is machined precisely enough that none of these parameters
are considered to change substantially after implementation in hardware.
• m, rCM and ICM are estimated from the CAD model by Solidworks. Again,
the prototype is machined well enough such that none of these parameters are
likely to deviate significantly from the calculated estimate.
• n and α are physical properties of the torsion springs and inspection of the
mechanism shows that these properties are the same as those listed in Table 5.8.
• Fp is considered to provide its rated force because the spring plunger is so small
(3/16” total length) and stiff that the plunger is not expected to display any
nonlinear stiffening over its total stroke that could increase the force of the
plunger on the cover. The plunger is compressed through its total stroke before
deployment so it is also not expected to provide less than its rated force.
• k is uncertain because the torsion springs are relatively weak and flexible com-
pared to the available range of torsion spring sizes. As a result a small absolute
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change in the torsion spring constant compared to its rating is a large relative
change for these springs.
• µd,s are uncertain because they capture the friction in the system and NASA
considers all sources of friction to be uncertain for the purposes of analysis[52].
• τa is uncertain but only for the Frangibolt; it is modeled as zero for the solenoid.
The analysis in subsection 5.2.1 justifies the choice to optimize τa and not k for
all Frangibolt test cases since the torque due to the Frangibolt dominates the
torque due to the torsion springs.
The data for the tests run with a solenoid are shown in Table 5.11. Plots for each
test case are shown in Figure 5-9. The tabulated data in Table 5.11 and the graphical
data in Figure 5-9a and Figure 5-9b shows good agreement between the correlated
model and reference model for the two tests performed at room temperature. The test
under vacuum actuates faster than the one in air which makes sense given that under
vacuum the mechanism should have less friction. The estimated spring constants
match very well with the nominal value of 9.7×10−3 N·m/rad. The test case in air has
2.06% error between the estimated and accepted spring constants; the test performed
under vacuum has 8.25% error. µˆ = 0.02 for both room temperature test cases.
Physically, µˆ = 0.02 makes sense in vacuum given that the nominal value of µ = 0.03.
In air the estimated value of µ is not realistic. One of the data sets in Figure 5-9a
leads the other by several milliseconds and the system actuates quickly enough that
a relatively fast test could skew the parameter estimation towards an unreasonably
low value for the bushing coefficient of friction. Using the nominal model instead
of the estimated parameters (µˆ = 0.25, kˆ = 9.7 × 10−3 instead has R2 = 0.993.
The correlation of the data to the nominal model is just as good as the correlation
to the physically unrealistic parameter set. As a result we will consider use these
values as the estimated µˆ and kˆ for this test case. For all cases in Table 5.11 the rise
and rebound times are in family with the predictions for the nominal model which
means the parameter estimates for the solenoid test cases are valid. Furthermore, the
assumption that the solenoid does not add an extra force on the cover is valid because
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otherwise the estimated spring constants would be much larger than those predicted
by the model and the rise and rebound times would be faster. The third test case in
Table 5.11: Reduced data set for tests where the cover was remotely actuated
by a solenoid.
Temp. (◦C) Pressure (torr) kˆ (N·m/rad) µˆ trise (ms) trebound (ms) R2
25 760 9.9×10−3 0.02 64.6 93.1 0.994
25 80×10−3 0.011 0.02 63.0 90.4 0.989
-20 80×10−3 0.047 0.61 31.2 43.0 0.985
Table 5.11 at -20◦C under vacuum suggests physically unrealistic estimates of both
k (approximately five times the nominal value) and µ (approximately 20 times the
nominal value). Even though R2 = 0.985 the rise (31.2 ms) and rebound (43.0 ms)
times are much faster than those predicted by the model in Table 5.10 (59.0 ms trise
and 90.8 ms trebound). The rise and rebound times serve as a check on the model-
data correlation. The optimally-determined model parameters are not necessarily
sensible even if the model correlates to the data. Physically-reasonable data sets
were acquired for similar test conditions as shown in Table 5.11. A temperature drop
of 45◦C applied to the radiation cover in vacuum will increase the friction in the
hinge instead of decreasing it since the Vespel SP-3 bushings contract more than the
316 stainless steel shaft does with temperature (52 ppm/◦C compared to 16 ppm/◦C).
We expect for this test condition that the cover will have a higher trise and trebound
than for the other two cases shown in Table 5.11. Therefore, the data for this test
case was likely produced by a faulty shaft encoder that failed under pressure cycling
and did not properly read the codewheel. Several encoders failed after exposure to
vacuum during testing and the data they produced is consistent with faster rise and
rebound times than expected. The data is shown here only to make a point about
how correlation of the model to the data does not always imply that a significant
result has been obtained. No other anomalous data sets are presented in this section.
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(a) Data and correlated model for the test with a solenoid at room temperature in air. The nominal
model is not shown for clarity. The model is correlated against combined data from two tests
under the same test condition.
(b) Data and correlated model for the test with a solenoid at room temperature under vacuum.
(c) Data and correlated model for the test with a solenoid at -20◦C under vacuum.
Figure 5-9: Plots of the three solenoid test cases alongside their correlated mod-
els. In all cases the data is represented by a solid blue line, the cor-
related model is represented by a dashed red line, and the nominal
model is represented by a dot-dashed green line.
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The data for the tests run with a Frangibolt are shown in Table 5.12. Plots of
Table 5.12: Reduced data set for tests where the cover was remotely actuated
by a Frangibolt.
Temp. (◦C) Pressure (torr) τˆa (N·m) µˆ trise (ms) trebound (ms) R2
25 760 37.7 0 19.4 25.2 0.992
25 80×10−3 38.7 0 18.8 23.6 0.951
-20 80×10−3 38.7 0 20.2 25.6 0.995
-40 80×10−3 37.7 0 20.4 26.0 0.998
each test case are shown in Figure 5-10. Figure 5-10 shows how the dynamics of
the cover with the Frangibolt actuation deviate significantly from expectations in the
nominal model due to a nonzero τa term in Equation 5.24. The data in Table 5.12
indicate that the Frangibolt is so forceful (and consequently that τa is so large) that
it dominates the mechanism to the point where friction is irrelevant and cannot be
estimated with a nonzero value. Even though the coefficient of friction is estimated
to be zero the cover opens faster and with more force in vacuum. Opening faster
in vacuum makes sense because the static friction the cover must overcome is lower
compared to actuation in air.
The average torque due to the actuator across all test cases is 38.2 N·m, corre-
sponding to a force on the cover of 572 N (129 lbf). The average value of τˆa is 1252
times higher than the torque due to the soft springs installed on the cover along with
the Frangibolt. The force on the cover is lower than the nominal 500 lbf breaking
strength of the frangible bolts but such a condition is expected considering that the
collision is inelastic. The magnitude of the force on the cover indicates that Frangi-
bolt essentially acts as a kickoff spring that provides nearly one fourth of the force
required to break the bolt. Therefore, even though the mechanism is designed to be
driven by torsion springs the Frangibolt is almost entirely responsible for the cover
dynamics and the torsion springs only serve to keep the cover open after deployment.
Better damping of the cover to reduce the shock loads on REXIS will be investigated
further in light of these results.
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(a) Data and correlated model for the test with a Frangibolt at room tem-
perature in air.
(b) Data and correlated model for the test with a Frangibolt at room tem-
perature under vacuum.
(c) Data and correlated model for the test with a Frangibolt at -20◦C under
vacuum.
(d) Data and correlated model for the test with a Frangibolt at -40◦C under
vacuum.
Figure 5-10: Plots of the four Frangibolt test cases alongside their correlated
models.
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As the temperature drops in vacuum the deployment time (i.e. trebound) of the
cover increases. Increasing deployment time with decreasing temperature makes sense
because as the temperature drops the bushings recede towards the shaft since Vespel
SP-3 has a much higher coefficient of thermal expansion than 316 stainless steel. As
the clearance in the shaft is reduced more surface area of the shaft comes into contact
with the bushings and the friction in the hinge increases. The effect is shown with all
three vacuum test cases with the Frangibolt plotted against each other in Figure 5-11.
As the temperature decreases trebound increases as shown in Table 5.12. Figure 5-11
Figure 5-11: Frangibolt vacuum test cases at room temperature, -20 ◦C, and
-40 ◦C
also shows the amount of rebound decreasing with temperature. Both effects are
evidence of increased hinge friction due to the bushings thermally contracting more
than the shaft.
The effect of the actuator on the mechanism can also be isolated as shown in
Figure 5-12. The Frangibolt tests actuate faster than the solenoid tests because
unlike the Frangibolt the solenoid only releases the door without providing a kickoff
force. Without the extra kickoff force the solenoid test cases rebound through a
shallower angle compared to the Frangibolt cases and have a shorter settling time.
For both actuators the vacuum cases have a lower trebound as confirmed by Table 5.11
and Table 5.12.
A summary of all the estimated model parameters is tabulated in Table 5.13.
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Figure 5-12: Solenoid and Frangibolt test cases at room temperature in both
air and vacuum.
Table 5.13: Nominal and averaged estimated model parameters for the radia-
tion cover tests.
Correlated Parameters
Parameter Nominal Solenoid Actuation Frangibolt Actuation
k (N·m/rad) 9.7×10−3 9.7×10−3 N/A
τa (air) (N·m) 0 N/A 37.7
τa (vacuum) (N·m) 0 N/A 38.4
µ (air) 0.25 0.25 0
µ (vacuum) 0.03 0.02 0
5.3 Chapter Summary
The expected alignment of the DAM was characterized with a tolerance stackup
on the nominal design in CAD. When compared to prototype hardware it was found
that the hardware meets the expectations of how well the DAM aligns the CCDs
relative to each other in the x and y directions but not in z. A sensitivity analysis of
the DAM revealed that the x−y location of the CCDs is almost entirely controlled by
the Lincoln Laboratories when they assemble the package. The analysis also showed
that the misalignment in z can be solved by insisting on tighter fabrication tolerances
on the thickness of the package carrier and DAM baseplate.
A dynamic analysis of the REXIS radiation cover was carried out to model the
time history of the cover deployment. A reduction of the dynamic model to a static
model was performed in order to size the cover for positive torque margin. The
torque margin analysis on the cover was performed to find the design constraint that
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ensures proper operation of the mechanism. The dynamic model was correlated to
several data sets taken with a prototype radiation cover. The model-data correlation
isolates the effect of temperature, ambient pressure, and the actuation method on the
cover. The deployment time is inversely related to temperature and directly related
to pressure. The data also show that the Frangibolt dominates the system dynamics
when used as the actuator but the model can account for the Frangibolt behavior by
assuming it acts as an impulse torque on the end of the cover. Data integrity due to
unsupported use of the shaft encoder in vacuum was also an issue but did not present
a significant obstacle to data collection.
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Chapter 6
Conclusion and Future Work
6.1 Summary of Key Results
This thesis covers the mechanical and electrical design of the REXIS CCD pack-
ages, DAM, and a one-time deployable cover for radiation protection. The mechanical
design of the CCD packages and DAM was adapted from the successful design used
on the ACIS instrument which is still functioning properly on-orbit. A simple fixed-
location scheme using alignment pins repeatably orients one CCD package correctly
with respect to the other three packages on REXIS. The electrical design for the
REXIS CCD flexprints is taken directly from the XIS design and updated to pro-
vide increased functionality by including an onboard temperature sensor. The DAM
contains only a handful of distinct pieces and again has full traceability and flight-
proven heritage back to the ACIS design. Once fully-assembled the DAM protects
the sensitive CCDs from mishandling on the ground and from a range of threats due
to the space environment on-orbit including surface charging, cold welding of critical
interfaces, and radiation damage.
The DAM and radiation cover also include onboard 55Fe calibration sources for
radiation damage monitoring with traceability to both the ACIS and XIS missions.
The sources inside the DAM improve on the XIS design by fluorescing all four quad-
rants of each CCD instead of just the outermost ones. The sources also allow for
monitoring of the CCD at the first and last rows of the device to provide a fuller
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characterization of the CCD state than the XIS design can. As the design of 55Fe cal-
ibration sources for X-ray CCDs has evolved over the last several decades the REXIS
project has introduced a new way to construct the sources themselves. By adapting
work from the MIT MicroX project and with the assistance of MIT Environmental
Health and Safety’s Radiation Office REXIS will be the first documented project to
fly an evaporated-salt radioactive calibration source in a mission through interplane-
tary space. The 55Fe design will be validated by tests of the source activity by EHS
and measurement of the source alignment on the detectors during testing of the EM
DAM and the entire instrument.
Environmental protection of the DAM is achieved through the use of special coat-
ings and the inclusion of a cover for radiation protection above the detectors. Iriditing
REXIS parts allows for increased surface conductivity to decrease the risk of a haz-
ardous ESD damaging the CCDs. Iridite and the use of phosphor bronze screw-tapped
inserts lower the risk of the fasteners used on REXIS from cold welding to the struc-
ture. A gold coating on all metallic faces with line of sight to the CCDs attenuates
the X-ray background of REXIS, OSIRIS-REx, and outer space to a level that will
permit REXIS to distinguish elemental lines of interest on Bennu. Ionizing and non-
ionizing radiation in interplanetary space can temporarily and permanently damage
the REXIS CCDs and are attenuated through the thickness of the REXIS truss and
DAM. However, the mask provides little protection directly above the CCDs which
drives the needs for a deployable radiation shield. The radiation cover has been de-
signed for simple remote deployment using a Frangibolt. The design of the cover
ensures resistance to cold welding and launch vibration and is expected to function
over a wide range of potential on-orbit conditions.
The alignment of the DAM and the functionality of the radiation cover have been
modeled and tested. A tolerance stackup analysis and comparison to data taken
on existing hardware shows that the design of the DAM is feasible and that the
hardware on hand exhibits misalignments in line with what the analysis suggests we
can expect. The available hardware was found to perform below expectations for
control of the height of the detector plane but a sensitivity analysis offers insight on
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how to set fabrication tolerances for control of this dimension. It was also found that
the alignment in the plane of the detectors is largely controlled by how the CCD
package is assembled by Lincoln Laboratories. The static and dynamic friction in the
radiation cover were modeled in order to size the mechanism to provide appropriate
torque margin. A prototype version of the radiation cover was tested to show how
the choice of torsion springs and choice of actuator affect the system dynamics and
to demonstrate Frangibolt performance. The dynamic model as developed was found
to correlate well with the data for soft springs with a hand release. The model also
correlated well for the mechanism using the same springs with a Frangibolt release
when the model parameters were adjusted to account for the force provided by the
actuator on the cover.
6.2 Future Work
While the design of the DAM, CCD packages, flexprints, and radiation cover are
at or near the engineering-model level more work can always be done to improve these
designs going forward. Specific tasks for future design work include:
• Incorporation of alignment pins in the side shields and mating holes in the top
shield assembly so that the top shield is always kept parallel with the detector
plane during assembly. Without this feature the top shield assembly may be
lowered onto the DAM at an angle and an edge could scratch the CCDs.
• Redesigning the flexprints to accommodate more space around the areas where
LL wirebonds the circuit to the CCD. It was found during CCD package as-
sembly that adhesive from the flexprint layers was leaking into the wirebonding
areas and more room was requested to ensure that if leakage occurs for the
flight CCDs that it will not interfere with the electrical connections. Increased
spacing between the die-size transistors and resistors in the wirebonding area
was also requested to ease the wirebonding process. More information about
these changes can be found in .
• Selection of a flight-grade RTD for the flexprint and incorporation into the
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circuit design.
• Selection of a flight-grade connector for the flexprint and incorporation into the
circuit design. Although the current connector is flight-approved its orientation
and size may not be compatible with the integration and assembly of the final
mechanical design of the instrument.
• Redesigning the 55Fe sources to be less tightly-integrated into the DAM struc-
ture so that they can be easily accessed and replaced without taking apart most
of the DAM. This feature is desirable as the REXIS calibration sources are ex-
perimental in nature and may need to be replaced should they not function
properly during testing.
• A tolerance stackup on the DAM that can determine whether or not the field
of view clearance inside the assembly aperture is adequate. If there is excess
clearance the framestore source collimators may be moved closer to the field of
view line to reduce the area of the framestore exposed to the instrument field
of view and 55Fe photons.
• Finalizing the design of the radiation cover shear reaction features to ensure the
cover does not bind on them when the cover is released.
• Selection of an appropriate damping mechanism to decrease the shock of the
cover on the mask tensioning frame when the cover stops, rebounds, and settles
to its final position.
• Selection of a final position of the cover that is compatible with the instrument
thermal design. The final position of the cover drives the choice of torsion
springs in the mechanism.
• Testing of the radiation cover at a range of temperatures the mechanism may
experience on-orbit. These tests must ensure that the Frangibolt structural and
thermal paths are designed such that the Frangibolt actuates repeatably in any
environmental condition.
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• Working with LL to determine how the design of the CCD package changes
should any of the parts used in the assembly, particularly the tee, be found out
of tolerance.
The tasks in the preceding list that specifically relate to the DAM mechanical design
will be prioritized as the DAM is scheduled to be the first REXIS subassembly that
will be fabricated and tested at the subsystem level.
More analysis is also required to validate the DAM and radiation cover designs.
Static and dynamic structural analyses will show if the DAM and radiation cover will
survive launch loads. Thermal analysis is required for multiple reasons. Temperature
differentials across the DAM and the truss will introduce misalignment between the
CCDs and mask that have not been accounted for here. Once thermal distortion
requirements have been set as a part of the REXIS error budget the DAM will be
evaluated to determine whether or not thermal effects in the assembly introduce too
much misalignment. The radiation cover also requires extra thermal analysis in order
to ensure that the Frangibolt temperature does not fall outside of its rated ranges for
both operational and non-operational cases. The Frangibolt actuation also strongly
relies on its ability to retain heat and so parasitic conduction and radiation from the
Frangibolt to the rest of REXIS must be characterized. The plan is to proceed with
the EM as designed and work on the analysis in parallel with testing. Information
from both analysis and test will be used to redesign the hardware for flight.
Once the mechanical design of the instrument is brought to the engineering-model
level further testing is required to evaluate the design as a whole. Misalignment
between the detectors and the mask inherently relies on how the truss performs. Tests
will be conducted to evaluate misalignment in the mask and truss relative to the DAM
due to fabrication tolerances and thermal effects. The latest version of the radiation
cover must also be fabricated and tested in the same manner as the prototype to
ensure compatibility with the dynamic model and with the Frangibolt. The radiation
cover also needs to be shown to work when installed in the instrument configuration
under predicted on-orbit conditions and not just isolated in a test fixture.
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It is important not to lose sight of where the project currently stands in its lifecycle.
Design work for the engineering model ends in August 2013 and testing will then begin
for the current instrument design. Testing will hopefully prove out the designs and
analyses shown here as well as those developed by the rest of the REXIS team. If
not, revisions to the current design with supporting analysis will be completed by the
instrument Critical Design Review (CDR) in February 2014. At CDR the design is
considered final with only small details subject to change after that time. Another
cycle of design, analysis, and test will begin before REXIS delivers to integration of
the spacecraft in August 2015. With a successful delivery the REXIS instrument will
validate the years of hard work put in by the REXIS team and demonstrate how
such a unique and exciting project provides unparalleled education and real-world
experience for the next generation of aerospace engineers.
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Appendix A
REXIS CCD Flexprint Design
A.1 Schematic
The REXIS CCID-41 flexprints are designed around the schematic shown in Fig-
ure A-1. The REXIS flexprint is symmetric and can be used with either front or back-
illuminated CCID-41s, though of course REXIS only uses back-illuminated CCDs.
Figure A-1 has identical electrical connections as the XIS flexprint schematic with
the following exceptions:
• The lines marked S1U and S2U were connected to S1L-AC and S2L-AC, re-
spectively, in the XIS design. In the REXIS design S1U and S2U are driven
separately by the detector electronics. Because S1L-AC and S2L-AC have ESD
protection circuitry (diodes and a resistor-capacitor filter network, shown at the
bottom of the schematic) ESD-protection circuitry was also added to the S1U
and S2U lines. ESD-protection was also added to the S3U line for completeness
even though it was not included on the XIS design.
• A four-wire RTD measurement (Vishay PTS060301B100RP100) is included.
The XIS flexprints do not have an RTD. The RTD connection is shown in the
upper left corner of Figure A-1.
• The REXIS flexprints break out every ground return separately, whereas on
XIS they are all tied together.
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• The REXIS flexprints use a 51-pin connector (Airborn model NK-2H2-051-235-
JC00) to accommodate the extra signals. XIS used a 34-pin connector made by
Positronics.
Aside from ESD protection of sensitive signals the REXIS flexprints also contain
the output circuitry for the CCID-41 video lines. These are represented by the four
JFETs in the upper left corner of Figure A-1. The CCID-41 has four output quadrants
and the resulting analog output of each quadrant is fed through the drain of a JFET
dedicated to the readout of that quadrant. When the JFET is turned on through a
signal to its gate the video output appears on the corresponding OUT line for the
quadrant and is available for readout. All electrical connections involving the JFET
or the load resistor attached to its gate are physically wirebonded together on the
CCID-41 package and do not appear on the flexprint layout files.
A.2 Layout and Board Stackup
The REXIS flexprint is a five-layer rigid-flex circuit board. The next six figures
show how the board is laid out and each layer of the board is described. Figure A-2
shows the outline and mechanical dimensions of the board. The middle of the board
is flexible whereas the bottom end of Figure A-2 is rigid. The bottom end holds the
ESD-protection diodes, resistors and capacitors as well as the connector. The top
endd is glued to the CCD package and is wirebonded to the CCD. The JFETs and
load resistors on the JFET gates are also attached at the top end and wirebonded to
the board.
The top layer (layer 1) is shown in Figure A-3. ESD-protection components and
the connector are mounted to layer 1. Layers 1 and 5 contain electrical shielding of
sensitive output lines including all video outputs (OUT-{A,B,C,D}), the framestore
drivers (FS{1-3}-ABCD) and the charge injection diode (SCP).
Layer 2 is added to the board stackup in Figure A-4. Layer 2 is the ground plane
of the board.
Layer 3 is added to the board stackup in Figure A-5. Layer 3 mostly contains
interconnects between signals on layer 4 (the flexible layer) that must be connected
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together for proper operation of the CCD when driven by the REXIS detector elec-
tronics.
Layer 4 is added to the board stackup in Figure A-6. Layer 4 is the flexible portion
of the board and carries all the raw signals from the CCD to the bottom rigid part of
the board where they routed out through the connector. An inset of the top portion
of layer 4 is shown in Figure A-7.
In Figure A-7 the red box is the area where the CCD is wirebonded to the flexprint.
The blue boxes are where the JFETs (small yellow boxes) and gate resistors (large
yellow boxes) are mounted. The purple box is where the RTD is mounted. As noted
in Chapter 2 all pads for wirebonding are gold-coated. In order to accommodate
wirebonding there are cutouts in the polyimide coverlay on the flexible layer of the
board to expose the gold bondpads. During fabrication of the REXIS engineering-
model CCD packages technicians at Lincoln Laboratories noticed leakage of adhesive
between the coverlay and the copper layer of the flexible circuitry into the exposed
areas. While the adhesive did not interefere with wirebonding, Lincoln did request
that the cutouts around all areas exposed for wirebonding be enlarged to ensure
that any adhesive leakage remain far away from wirebond sites. Lincoln technicians
also requested increased space around the JFETs and gate resistors to make the
wirebonding process easier in those areas.
Figure A-8 includes the fifth and final layer of the board. Layer 5 is identical in
terms of functionality to layer 1.
The materials stackup of the board is shown in Table A.1.
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Table A.1: Materials stackup of the REXIS flexprints.
Layer Material Thickness (in)
Layer 1 solder mask LPI 0.001
Layer 1 FR406 0.0087
Inner layer 1 1080 prepreg 0.005
Layer 2 FR406 0.0087
Layer 3 FR406 0.0087
Inner layer 2 1080 prepreg 0.005
CCD-end rigid backing FR406 0.016
Glue for CCD-end backing 3M 9460FC 0.002
Layer 4 Dupont AP8515 0.0017
Layer 4 cover Dupont FR0110 0.002
Inner layer 3 1080 prepreg 0.005
Layer 5 FR406 0.0167
Layer 5 solder mask LPI 0.001
140
11
22
33
44
D
D
C
C
B
B
A
A
Ti
tle
Nu
m
be
r
Re
vis
ion
Si
ze Le
ga
l
Da
te:
2/
14
/2
01
3
Sh
ee
t  
  o
f
Fi
le:
C:
\U
se
rs\
..\R
EX
IS
 C
CD
 F
lex
pr
in
t.S
ch
Do
c
Dr
aw
n B
y:
SU
B
1
S3
U
2
S1
U
3
S2
U
4
IG
5
ID
6
IA
3
7
IA
1
8
IA
2
9
OG
-D
10
RE
T-
D
11
SO
-D
12
DR
-D
13
RG
-D
14
RD
-D
15
S2
L-
C
21
S1
L-
C
20
S3
L-
CD
18
SU
B
19
S1
L-
D
17
S2
L-
D
16
RD
-C
22
RG
-C
23
DR
-C
24
SO
-C
25
RE
T-
C
26
OG
-C
27
FS
2-
CD
28
FS
1-
CD
29
FS
3-
CD
30
SU
B
31
SC
P
32
SU
B
33
FS
3-
AB
34
FS
1-
AB
35
FS
2-
AB
36
OG
-B
37
RE
T-
B
38
SO
-B
39
DR
-B
40
RG
-B
41
RD
-B
42
S2
L-
A
48
S1
L-
A
47
SU
B
45
S3
L-
AB
46
S1
L-
B
44
S2
L-
B
43
RD
-A
49
RG
-A
50
DR
-A
51
SO
-A
52
RE
T-
A
53
OG
-A
54
IA
2
55
IA
1
56
IA
3
57
ID
58
IG
59
S2
U
60
S1
U
61
S3
U
62
SU
B
63
U1 CC
ID
-4
1
SU
B1
S3
U
S1
U
S2
U
IG ID IA
-3
IA
-1
IA
-2
OG
-A
BC
D
RG
-A
BC
D
RD
-A
BC
D
S2
L-
BD
S1
L-
BD
S3
L-
AB
CD
S1
L-
AC
S2
L-
AC
FS
2-
AB
CD
FS
1-
AB
CD
FS
3-
AB
CD
SU
B2
SU
B3
SC
P
SU
B4
SU
B5
SU
B6
3
2
1
Q3 U3
09
3
2
1
Q1 U3
09
3
2
1
Q2 U3
09
3
2
1
Q4 U3
09
20
0k
R1 20
0k
R4
20
0k
R2 20
0k
R5
1MR6
39
nF
C3
D1
M
M
BD
70
00
39
nF
C7
39
nF
C4
39
nF
C8
39
nF
C1
0
39
nF
C9
39
nF
C1
39
nF
C2
39
nF
C5
39
nF
C6
39
nF
C1
1
1MR7
D2
M
M
BD
70
00
D7
M
M
BD
70
00
D8
M
M
BD
70
00
D6
M
M
BD
70
00
D4
M
M
BD
70
00
D9
M
M
BD
70
00
D3
M
M
BD
70
00
D1
3
M
M
BD
70
00
D1
4
M
M
BD
70
00
D1
1
M
M
BD
70
00
D1
2
M
M
BD
70
00
GN
D
GN
D
GN
D
D5
M
M
BD
70
00
D1
0
M
M
BD
70
00
D1
5
M
M
BD
70
00
RE
T-
A
SO
-A
DR
-A
DR
-B
SO
-B
RE
T-
B
RE
T-
C
SO
-C
DR
-C
DR
-D
SO
-D
RE
T-
D
SO
-A
SO
-B
SO
-C
SO
-D
DR
-A
DR
-C
DR
-B
DR
-D
GN
D
GN
D
GN
D
OG
-A
BC
D
RD
-A
BC
D
GN
D
GN
D
GN
D
GN
D
t°
R3 10
0
V+ I+ I- V-
2
1
Ha
rri
so
n B
ra
lo
we
r
CC
ID
-4
1 U
ni
ve
rsa
l F
lex
pr
int
1
OU
T-
A
RE
T-
A
DR
-A
S1
U
IA
-3
IA
-2
IA
-1
RG
-A
BC
D
OG
-A
BC
D
RD
-A
BC
D
ID IG FS
1-
AB
CD
FS
2-
AB
CD
FS
3-
AB
CD
V+ I+ V- DR
-D
RE
T-
D
OU
T-
D
OU
T-
B
RE
T-
B
DR
-B
S2
U
SC
P
S3
U
S2
L-
AC
S1
L-
AC
S3
L-
AB
CD
S1
L-
BD
S2
L-
BD
I- DR
-C
RE
T-
C
OU
T-
C
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51
U2
NK
-2
H2
-0
51
-2
35
-JC
00
SU
B1
SU
B6
SU
B2
SU
B3
SU
B4
SU
B5
P0C101 P0C102 
P0C201 P0C202 
P0C301 P0C302 
P0C401 P0C402 
P0C501 P0C502 
P0C601 P0C602 
P0C701 P0C702 
P0C801 P0C802 
P0C901 P0C902 
P0C1001 P0C1002 P0C1101 P0C1102 
P0
D1
01
 
P0D102 P0D103 
P0
D2
01
 
P0D202 P0D203 
P0
D3
01
 
P0D302 P0D303 
P0
D4
01
 
P0D402 P0D403 
P0
D5
01
 
P0D502 P0D503 
P0
D6
01
 
P0D602 P0D603 
P0
D7
01
 
P0D702 P0D703 
P0
D8
01
 
P0D802 P0D803 
P0
D9
01
 
P0D902 P0D903 
P0
D1
00
1 
P0D1002 P0D1003 
P0
D1
10
1 
P0D1102 P0D1103 
P0
D1
20
1 
P0D1202 P0D1203 
P0
D1
30
1 
P0D1302 P0D1303 
P0
D1
40
1 
P0D1402 P0D1403 
P0
D1
50
1 
P0D1502 P0D1503 
P0Q101 
P0
Q1
02
 
P0Q103 
P0Q201 
P0
Q2
02
 
P0Q203 
P0Q301 
P0
Q3
02
 
P0Q303 
P0Q401 
P0
Q4
02
 
P0Q403 
P0
R1
01
 
P0
R1
02
 
P0
R2
01
 
P0
R2
02
 
P0R301 P0R302 
P0
R4
01
 
P0
R4
02
 
P0
R5
01
 
P0
R5
02
 
P0R601 P0R602 P0R701 P0R702 
P0
U1
01
 
P0
U1
02
 
P0
U1
03
 
P0
U1
04
 
P0
U1
05
 
P0
U1
06
 
P0
U1
07
 
P0
U1
08
 
P0
U1
09
 
P0
U1
01
0 
P0
U1
01
1 
P0
U1
01
2 
P0
U1
01
3 
P0
U1
01
4 
P0
U1
01
5 
P0
U1
01
6 
P0
U1
01
7 
P0
U1
01
8 
P0
U1
01
9 
P0
U1
02
0 
P0
U1
02
1 
P0
U1
02
2 
P0
U1
02
3 
P0
U1
02
4 
P0
U1
02
5 
P0
U1
02
6 
P0
U1
02
7 
P0
U1
02
8 
P0
U1
02
9 
P0
U1
03
0 
P0
U1
03
1 
P0
U1
03
2 
P0
U1
03
3 
P0
U1
03
4 
P0
U1
03
5 
P0
U1
03
6 
P0
U1
03
7 
P0
U1
03
8 
P0
U1
03
9 
P0
U1
04
0 
P0
U1
04
1 
P0
U1
04
2 
P0
U1
04
3 
P0
U1
04
4 
P0
U1
04
5 
P0
U1
04
6 
P0
U1
04
7 
P0
U1
04
8 
P0
U1
04
9 
P0
U1
05
0 
P0
U1
05
1 
P0
U1
05
2 
P0
U1
05
3 
P0
U1
05
4 
P0
U1
05
5 
P0
U1
05
6 
P0
U1
05
7 
P0
U1
05
8 
P0
U1
05
9 
P0
U1
06
0 
P0
U1
06
1 
P0
U1
06
2 
P0
U1
06
3 
P0
U2
01
 
P0
U2
02
 
P0
U2
03
 
P0
U2
04
 
P0
U2
05
 
P0
U2
06
 
P0
U2
07
 
P0
U2
08
 
P0
U2
09
 
P0
U2
01
0 
P0
U2
01
1 
P0
U2
01
2 
P0
U2
01
3 
P0
U2
01
4 
P0
U2
01
5 
P0
U2
01
6 
P0
U2
01
7 
P0
U2
01
8 
P0
U2
01
9 
P0
U2
02
0 
P0
U2
02
1 
P0
U2
02
2 
P0
U2
02
3 
P0
U2
02
4 
P0
U2
02
5 
P0
U2
02
6 
P0
U2
02
7 
P0
U2
02
8 
P0
U2
02
9 
P0
U2
03
0 
P0
U2
03
1 
P0
U2
03
2 
P0
U2
03
3 
P0
U2
03
4 
P0
U2
03
5 
P0
U2
03
6 
P0
U2
03
7 
P0
U2
03
8 
P0
U2
03
9 
P0
U2
04
0 
P0
U2
04
1 
P0
U2
04
2 
P0
U2
04
3 
P0
U2
04
4 
P0
U2
04
5 
P0
U2
04
6 
P0
U2
04
7 
P0
U2
04
8 
P0
U2
04
9 
P0
U2
05
0 
P0
U2
05
1 
P0
U1
01
3 
P0
U2
03
 
N0
DR
0A
 
N0
DR
0A
 
N0
DR
0A
 
P0
U1
02
4 
P0
U2
02
9 
N0
DR
0B
 
N0
DR
0B
 
N0
DR
0B
 
P0
U1
04
0 
P0
U2
04
9 
N0
DR
0C
 
N0
DR
0C
 
N0
DR
0C
 
P0
U1
05
1 
P0
U2
02
4 
N0
DR
0D
 
N0
DR
0D
 
N0
DR
0D
 
P0
D1
00
1 
P0
U1
02
9 
P0
U1
03
5 
P0
U2
01
7 
N0
FS
10
AB
CD
 
N0
FS
10
AB
CD
 
P0
D5
01
 
P0
U1
02
8 
P0
U1
03
6 
P0
U2
01
8 
N0
FS
20
AB
CD
 
N0
FS
20
AB
CD
 
P0
D1
50
1 
P0
U1
03
0 
P0
U1
03
4 
P0
U2
01
9 
N0
FS
30
AB
CD
 
N0
FS
30
AB
CD
 
P0
U2
02
1 
P0
U2
02
2 
N0I+ 
N0I+ N0
V+
 
N0
V+
 
P0
U2
02
3 
P0
U2
04
7 
N0I0 
N0I0 
N0V0 
N0V0 
P0
D7
01
 
P0
U1
08
 
P0
U1
05
6 
P0
U2
01
0 
N0
IA
01
 
N0
IA
01
 
P0
D1
20
1 
P0
U1
09
 
P0
U1
05
5 
P0
U2
09
 
N0
IA
02
 
N0
IA
02
 
P0
D2
01
 
P0
U1
07
 
P0
U1
05
7 
P0
U2
08
 
N0
IA
03
 
N0
IA
03
 
P0
U1
06
 
P0
U1
05
8 
P0
U2
01
5 
N0ID 
N0ID 
P0
U1
05
 
P0
U1
05
9 
P0
U2
01
6 
N0IG 
N0IG 
P0
R1
01
 
P0
R2
01
 
P0
R4
01
 
P0
R5
01
 
P0
U2
04
 
P0
U2
05
 
P0
U2
01
1 
P0
U2
03
1 
P0
U2
03
2 
P0
U2
03
3 
P0
U2
03
4 
P0
U2
03
5 
P0
U2
03
6 
P0
U1
01
0 
P0
U1
02
7 
P0
U1
03
7 
P0
U1
05
4 
P0
U2
01
3 
N0
OG
0A
BC
D 
N0
OG
0A
BC
D 
N0
OG
0A
BC
D 
P0
U2
01
 
N0
OU
T0
A 
P0
U2
02
7 
N0
OU
T0
B 
P0
U2
05
1 
N0
OU
T0
C 
P0
U2
02
6 
N0
OU
T0
D 
P0
U1
01
5 
P0
U1
02
2 
P0
U1
04
2 
P0
U1
04
9 
P0
U2
01
4 
N0
RD
0A
BC
D 
N0
RD
0A
BC
D 
N0
RD
0A
BC
D 
P0
U1
01
1 
P0
U2
02
 
N0
RE
T0
A 
N0
RE
T0
A 
P0
U1
02
6 
P0
U2
02
8 
N0
RE
T0
B 
N0
RE
T0
B 
P0
U1
03
8 
P0
U2
05
0 
N0
RE
T0
C 
N0
RE
T0
C 
P0
U1
05
3 
P0
U2
02
5 
N0
RE
T0
D 
N0
RE
T0
D 
P0
D3
01
 
P0
U1
01
4 
P0
U1
02
3 
P0
U1
04
1 
P0
U1
05
0 
P0
U2
01
2 
N0
RG
0A
BC
D 
N0
RG
0A
BC
D 
P0
D9
01
 
P0
U1
01
7 
P0
U1
04
4 
P0
U2
04
3 
N0
S1
L0
AC
 
N0
S1
L0
AC
 
P0
D1
30
1 
P0
U1
02
0 
P0
U1
04
7 
P0
U2
04
5 
N0
S1
L0
BD
 
N0
S1
L0
BD
 
P0
D6
01
 
P0
U1
03
 
P0
U1
06
1 
P0
U2
06
 
N0
S1
U 
N0
S1
U 
P0
D1
40
1 
P0
U1
01
6 
P0
U1
04
3 
P0
U2
04
2 
N0
S2
L0
AC
 
N0
S2
L0
AC
 
P0
D8
01
 
P0
U1
02
1 
P0
U1
04
8 
P0
U2
04
6 
N0
S2
L0
BD
 
N0
S2
L0
BD
 
P0
D1
10
1 
P0
U1
04
 
P0
U1
06
0 
P0
U2
03
8 
N0
S2
U 
N0
S2
U 
P0
D4
01
 
P0
U1
01
8 
P0
U1
04
6 
P0
U2
04
4 
N0
S3
L0
AB
CD
 
N0
S3
L0
AB
CD
 
P0
D1
01
 
P0
U1
02
 
P0
U1
06
2 
P0
U2
04
0 
N0
S3
U 
N0
S3
U 
P0
U1
03
2 
P0
U2
03
9 
N0
SC
P 
N0
SC
P 
P0
Q1
02
 
P0
R1
02
 
P0
U1
01
2 
N0
SO
0A
 
N0
SO
0A
 
P0
Q3
02
 
P0
R4
02
 
P0
U1
02
5 
N0
SO
0B
 
N0
SO
0B
 
P0
Q2
02
 
P0
R2
02
 
P0
U1
03
9 
N0
SO
0C
 
N0
SO
0C
 
P0
Q4
02
 
P0
R5
02
 
P0
U1
05
2 
N0
SO
0D
 
N0
SO
0D
 
P0
U1
01
 
P0
U2
07
 
N0
SU
B1
 
N0
SU
B1
 
P0
U1
01
9 
P0
U2
03
0 
N0
SU
B2
 
N0
SU
B2
 
P0
U1
03
1 
P0
U2
03
7 
N0
SU
B3
 
N0
SU
B3
 
P0
U1
03
3 
P0
U2
04
1 
N0
SU
B4
 
N0
SU
B4
 
P0
U1
04
5 
P0
U2
04
8 
N0
SU
B5
 
N0
SU
B5
 
P0
U1
06
3 
P0
U2
02
0 
N0
SU
B6
 
N0
SU
B6
 
N0
DR
0A
 
P0
U1
01
3 
P0
U2
03
 
N0
DR
0B
 
P0
U1
02
4 
P0
U2
02
9 
N0
DR
0C
 
P0
U1
04
0 
P0
U2
04
9 
N0
DR
0D
 
P0
U1
05
1 
P0
U2
02
4 
N0
FS
10
AB
CD
 
P0
D1
00
1 
P0
U1
02
9 
P0
U1
03
5 
P0
U2
01
7 
N0
FS
20
AB
CD
 
P0
D5
01
 
P0
U1
02
8 
P0
U1
03
6 
P0
U2
01
8 
N0
FS
30
AB
CD
 
P0
D1
50
1 
P0
U1
03
0 
P0
U1
03
4 
P0
U2
01
9 
N0
V+
 
P0
U2
02
1 
P0
U2
02
2 
P0
U2
02
3 
P0
U2
04
7 
N0
IA
01
 
P0
D7
01
 
P0
U1
08
 
P0
U1
05
6 
P0
U2
01
0 
N0
IA
02
 
P0
D1
20
1 
P0
U1
09
 
P0
U1
05
5 
P0
U2
09
 
N0
IA
03
 
P0
D2
01
 
P0
U1
07
 
P0
U1
05
7 
P0
U2
08
 
P0
U1
06
 
P0
U1
05
8 
P0
U2
01
5 
P0
U1
05
 
P0
U1
05
9 
P0
U2
01
6 
P0
R1
01
 
P0
R2
01
 
P0
R4
01
 
P0
R5
01
 
P0
U2
04
 
P0
U2
05
 
P0
U2
01
1 
P0
U2
03
1 
P0
U2
03
2 
P0
U2
03
3 
P0
U2
03
4 
P0
U2
03
5 
P0
U2
03
6 
N0
OG
0A
BC
D 
P0
U1
01
0 
P0
U1
02
7 
P0
U1
03
7 
P0
U1
05
4 
P0
U2
01
3 
N0
OU
T0
A 
P0
U2
01
 
N0
OU
T0
B 
P0
U2
02
7 
N0
OU
T0
C 
P0
U2
05
1 
N0
OU
T0
D 
P0
U2
02
6 
N0
RD
0A
BC
D 
P0
U1
01
5 
P0
U1
02
2 
P0
U1
04
2 
P0
U1
04
9 
P0
U2
01
4 
N0
RE
T0
A 
P0
U1
01
1 
P0
U2
02
 
N0
RE
T0
B 
P0
U1
02
6 
P0
U2
02
8 
N0
RE
T0
C 
P0
U1
03
8 
P0
U2
05
0 
N0
RE
T0
D 
P0
U1
05
3 
P0
U2
02
5 
N0
RG
0A
BC
D 
P0
D3
01
 
P0
U1
01
4 
P0
U1
02
3 
P0
U1
04
1 
P0
U1
05
0 
P0
U2
01
2 
N0
S1
L0
AC
 
P0
D9
01
 
P0
U1
01
7 
P0
U1
04
4 
P0
U2
04
3 
N0
S1
L0
BD
 
P0
D1
30
1 
P0
U1
02
0 
P0
U1
04
7 
P0
U2
04
5 
N0
S1
U 
P0
D6
01
 
P0
U1
03
 
P0
U1
06
1 
P0
U2
06
 
N0
S2
L0
AC
 
P0
D1
40
1 
P0
U1
01
6 
P0
U1
04
3 
P0
U2
04
2 
N0
S2
L0
BD
 
P0
D8
01
 
P0
U1
02
1 
P0
U1
04
8 
P0
U2
04
6 
N0
S2
U 
P0
D1
10
1 
P0
U1
04
 
P0
U1
06
0 
P0
U2
03
8 
N0
S3
L0
AB
CD
 
P0
D4
01
 
P0
U1
01
8 
P0
U1
04
6 
P0
U2
04
4 
N0
S3
U 
P0
D1
01
 
P0
U1
02
 
P0
U1
06
2 
P0
U2
04
0 
N0
SC
P 
P0
U1
03
2 
P0
U2
03
9 
N0
SO
0A
 
P0
Q1
02
 
P0
R1
02
 
P0
U1
01
2 
N0
SO
0B
 
P0
Q3
02
 
P0
R4
02
 
P0
U1
02
5 
N0
SO
0C
 
P0
Q2
02
 
P0
R2
02
 
P0
U1
03
9 
N0
SO
0D
 
P0
Q4
02
 
P0
R5
02
 
P0
U1
05
2 
N0
SU
B1
 
P0
U1
01
 
P0
U2
07
 
N0
SU
B2
 
P0
U1
01
9 
P0
U2
03
0 
N0
SU
B3
 
P0
U1
03
1 
P0
U2
03
7 
N0
SU
B4
 
P0
U1
03
3 
P0
U2
04
1 
N0
SU
B5
 
P0
U1
04
5 
P0
U2
04
8 
N0
SU
B6
 
P0
U1
06
3 
P0
U2
02
0 
Figure A-1: REXIS CCID-41 flexprint schematic.
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Figure A-2: Outline of REXIS flexprint board, showing which parts are rigid
and which parts are flexible.
142
Figure A-3: REXIS flexprint board, showing the top layer.
143
Figure A-4: REXIS flexprint board, showing the top layer and ground plane.
144
Figure A-5: REXIS flexprint board, showing the first three layers of the board.
145
Figure A-6: REXIS flexprint board, showing the first three layers on the rigid
part of the board as well as the flexible portion.
146
Figure A-7: Inset of the CCD end of the flexprint.
147
Figure A-8: Complete layout of the REXIS flexprints.
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Appendix B
DAM Assembly Procedure
B.1 Assembly Preparation
To assemble the DAM the following materials are required:
• 4 8-32 × 3” male-female standoffs
• 1 assembly baseplate
• 2 assembly holding jigs
• 1 CCID-41 array mount
• 1 top radiation shield
• 4 packaged CCID-41s
• 4 package carriers
• 2 top end radiation shields
• 2 bottom end radiation shields
• 2 side radiation shields
• 2 side 55Fe source collimators
• 2 framestore 55Fe sources
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• 2 framestore 55Fe collimators
• Lord 3135 A/B epoxy
• Pneumatic glue gun
• 20 2-56 × 1/4” socket head cap screws
• 4 2-56 × 5/16” socket head cap screws
• 6 2-56 × 7/8” socket head cap screws
• 14 4-40 × 1/4” socket head cap screws
• 16 4-40 × 3/8” socket head cap screws
• 4 4-40 × 7/16” socket head cap screws
• 4 4-40 × 7/8” socket head cap screws
• 4 4-40 thumb nuts
• Torque wrench that accepts hex heads
• 5/64 hex head for use with a torque wrench, for 2-56 screws
• 3/32 hex head for use with a torque wrench, for 4-40 screws
The following notes must be kept in mind when assembling the DAM:
• ESD precaution must be taken when working with live CCDs. In general, this
means ensuring that personnel and the CCDs are properly grounded at all times
with a grounding strap, grounding mats, anti-ESD gloves, etc. The live CCDs
have a shorting bar on the connector that keeps all signals at the same potential.
This shorting bar must NEVER be removed unless the CCDs are about to be
plugged in to the avionics stack. The CCD connector should never be left
unplugged from either the shorting bar or the avionics. For more information
see the REXIS ESD Control Plan.
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• All fasteners must be made of A286 stainless steel.
• Lubricate all fasteners with Braycote 600 before installation unless the helical
inserts inside the DAM parts already have lubrication pre-applied to them.
• Installation torque for all lubricated 2-56 screw joints is at least 2.3 in-lbf and
no more than 2.9 in-lbf above running torque[53].
• Installation torque for all lubricated 4-40 screw joints is at least 4.8 in-lbf and
no more than 5.9 in-lbf above running torque[53].
B.2 Assembly Procedure
1. Clean all parts thoroughly with a dust-free lab wiper and isopropyl alcohol
(DAM parts) or acetone (fasteners). If possible, perform this step in an ul-
trasonic bath instead of by hand with a wiper. In that case, sonicate parts
in acetone for five minutes. Thoroughly dry all parts with a dust-free wiper
afterwards.
2. As shown in Figure B-1 attach all four package carriers to the DAM baseplate
using 16 2-56 × 1/4” screws. The package carrier shown in transparency in
Figure B-1 shows how the screws are installed from the bottom (−z) side of the
DAM baseplate.
3. As shown in Figure B-2 attach the assembly holding jigs, shown in blue, to
the assembly baseplate using four 4-40 × 5/8” screws. Also fasten four 8-32
standoffs to the baseplate.
4. As shown in Figure B-3 slide the DAM baseplate with attached package carriers
in between the two jigs and fasten it to them using 4 4-40 × 7/8” screws.
5. Mix equal parts by weight of Lord 3135 A and B and degas in a vacuum chamber
for at least five minutes. Maximum working time after mixing is 35 minutes.
Using a pneumatic glue gun deposit an 8 × 8 array of glue dots inside one
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Figure B-1: Assembly step 2–attaching the package carriers to the DAM base-
plate.
Figure B-2: Assembly step 3–attaching the assembly holding jigs and standoffs
to the assembly baseplate.
package carrier epoxy pocket. The outer rows of dots should be near the edges
of the well but not so close as to allow adhesive to wet beyond the well perimeter.
6. Carefully seat the CCD package so that the inside edge of the tee is tangent to
the alignment pin and the package is seated as far forward as possible on the
DAM. Secure the package to the assembly with a thumb nut from below the
assembly.
7. Repeat the previous two steps to install all four CCDs using the order 1-4 as
shown in Figure B-4. After all CCDs are installed the assembly should look like
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Figure B-3: Assembly step 4–attaching the DAM baseplate to the assembly jigs.
Figure B-4, but note the flexprints have been hidden in this figure to show the
proper positioning of each package on the assembly.
Figure B-4: Assembly step 7–attaching each CCD to the DAM assembly. Note
the assembly order 1-4 of the CCDs.
8. Let the epoxy cure for 24 hours at room temperature. No further work can be
done until this step is complete.
9. Remove the thumbnuts from the assembly and replace them with 2-56 × 1/4”
screws to permanently secure the CCDs to the DAM.
10. Replace one of the assembly jigs with a side shield assembly. The side shield is
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composed of two parts–a side shield and an 55Fe collimator. Figure B-5 shows
how the side shield is assembled using two 2-56 × 5/16” screws. The side
Figure B-5: Side shield assembly.
shield attaches to the DAM with two 4-40 × 7/16” screws. After this step the
assembly should look like Figure B-6.
Figure B-6: Assembly step 10–removing one jig and installing a side shield.
11. Now install the bottom portion of the end radiation shield on both sides to the
baseplate using four 4-40 × 5/8” screws and to the side shield using two 4-40
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× 3/8” screws on each end. Attaching the end shields to the baseplate keeps
the DAM stable on the assembly baseplate. Carefully dress the flexprints over
the cutout in the end shields. The assembly should now look like Figure B-7.
Figure B-7: Assembly step 11–installing the bottom end shields and one side
shield.
12. Now remove the other jig and install the other side shield assembly as in the
last step. The top portion of the end radiation shields are also installed at this
time in the same manner as the bottom parts. The assembly should now look
like Figure B-8.
Figure B-8: Assembly step 13–installing the top end shields and the other re-
maining side shield.
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13. Away from the DAM assembly take the 2-56 × 7/8”screws and use them to
fasten each of the framestore 55Fe sources to a matching collimator. The result
is shown in Figure B-9 with one source shown in transparency to show how the
sources are fastened together.
Figure B-9: Assembly step 14–building the framestore 55Fe sources.
14. Fasten the completed framestore sources to the top radiation shield with eight
4-40 × 1/4” screws. The top shield assembly should look like Figure B-10.
Figure B-10: Assembly step 15–building the top radiation shield assembly.
15. Carefully lower the top shield over the CCDs and fasten it to the DAM side
shields using four 4-40 × 3/8” screws. The top shield only sits 0.5 mm above
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the CCD surface so any tilting of the top shield assembly as it is lowered into
the DAM could inadvertently scratch the CCDs. The assembly should look
like Figure B-11. At this point the DAM is complete and the standoffs can be
removed. The baseplate then acts as a handling fixture until the DAM is ready
to be used.
Figure B-11: Assembly step 16–fastening the top radiation shield assembly to
the DAM.
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Appendix C
55Fe Calibration Source Strength
Requirement
This appendix has been adapted from analysis done by REXIS science team member
Dr. Jae Sub Hong and is reproduced with his permission.
The requirement on the REXIS DAM calibration sources is to determine the peak
energy of the spectral distribution of 55Fe at 5.9 keV to within 15 eV at 3σ confidence
when the peak is modeled as Gaussian. Calibration data requirements during cruise
are set for integration times of 80 hours (five 16-hour days worth of data collection) for
the source embedded in the radiation cover and the DAM sources summed together.
16 hours is considered to be one day of observation for REXIS–the other eight hours
of a 24-hour Earth day are spent downlinking data from OSIRIS-REx to Earth and
cannot be used for data collection because Bennu is out of the REXIS field of view.
The integration time is one hour when discussing all DAM sources targeted on the
detector array summed together (global scale) and 10 hours when discussing each
individual target area (local scale).
The REXIS requirement on spectral resolution of the instrument at 5.9 keV is
260 eV at the full-width at half-maximum (FWHM) of the peak[33]. For a Gaussian
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distribution with standard deviation σ the value of the FWHM is[54]
FWHM = 2σ
√
2 ln 2 ≈ 2.35σ. (C.1)
We can use the central limit theorem to determine the number of counts the CCDs
must detect (not the amount the sources radiate) to meet the 15 eV requirement. The
central limit theorem states that a set of n independent random variables drawn from
the same probability distribution with standard deviation σ1 will tend towards a
Gaussian distribution with zero mean and standard deviation σ2 as 1/
√
n[55]. In
this case σ1 is the REXIS standard deviation and for the worst case resolution σ1 =
260 eV/2.35 we can find the minimum number of counts n the sources will be required
to produce. σ2 is the desired accuracy of 15 eV. Multiplying σ1 by 3 to account for
the enforcement of this requirement at a 3σ confidence interval we find that
σ1√
n
= σ2
FWHM
2.35
√
n
= σ2
260 eV
2.35
√
n
= 15 eV
n = 489. (C.2)
The calculation in Equation C.2 does not account for background counts (esti-
mated at 2.5 counts per hour for each calibration target area) or the fact that the
counts bounded by the FWHM of the distribution only represent about 80% of the
total counts detected by the CCDs. Therefore, the true number of counts the CCDs
must detect from each source is 489(1.2) + 2.5 = 590 counts per hour (cph). During
science operations 1% of the total data downlinked from REXIS to the ground has
been allocated for calibration data. In terms of source activity 1% of the data budget
works out to a maximum of two counts per second (cps) based on the data downlink
rate. 590 cph is 0.164 cps, well below the maximum activity based on data volume.
590 cph is only a minimum count rate based on the requirements and putting
a safety factor of two on the count rate yields a proposed goal of at least 1200 cph.
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During observation (when the cover is open and the cover source is out of the detector
field of view) we would like 1200 cph both globally over one hour (1200 total counts
over one hour summed across all 10 areas targeted by the DAM sources) and locally
over ten hours (1200 counts generated at each target area when averaged over 10
hours). Note that both globally and locally the goal is 1200 cph = 0.33 cps.
During cruise to the asteroid both the cover source and DAM sources contribute
to the total required activity. We first define a “section” of the detector array as an
eight superpixel by sixteen superpixel area, recalling that one superpixel is a sixteen
by sixteen array of detector pixels. With the preceding definition we can then say the
entire detector array is composed of 128 sections. The requirement for total cruise
activity has been set at 600 total counts for each section over 80 hours. The minimum
count rate required to average 600 counts over 80 hours for 128 total CCD sections
is 0.27 cps. Note that in the sections with a DAM source target area the total count
rate will be 0.27+0.33=0.60 cps.
Now we can relate the requirements to the activity of the sources. The equation
that relates the two is
N = fg ·QE ·
(
1
2
) t
t0 · fd ·
(
3.9× 1010 Bq
1 Ci
)
· T · A (C.3)
where the variables are
• N , the required number of counts on orbit.
• fg, a geometric factor determined by simulation. Different geometries for the
sources are developed in simulation until Equation C.3 evaluates to the required
count rate when taking into account the values of all the other variables in the
equation.
• QE, the quantum efficiency of the CCD at 5.9 keV. QE is the probability that
a photon absorbed by the CCD actually generates science data in the form of
an electron cloud. QE is a function of photon energy. Based on data from [44]
we use QE = 0.5 for 5.9 keV photons.
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• (1
2
) t
t0 accounts for the decreased activity of 55Fe due to decay over time. t0 is
the half-life (2.737 years) of 55Fe and t is the elapsed time from installation of
the sources to when the source will be used on-orbit.
• fd is the percentage of 55Fe decays that turn into usable X-rays for calibration.
As discussed at the beginning of Chapter 3 fd is 28% or 0.28.
• 3.9×1010 Bq
1Ci
converts the activity in Curies (Ci) to a count rate in Becquerel (Bq).
• T is the integration time used to set the requirement.
• A is the source activity in nanocuries (nCi). This parameter is jointly adjusted
with fg in Equation C.3 to establish the geometry and activity of the sources.
Dr. Jae Sub Hong of the REXIS science team has used Equation C.3 along with his
simulations for predicting fg based on the cover and DAM source geometry presented
in Chapter 3 to size the activity of each of the 10 DAM sources and the cover source.
On assembly each DAM source has an activity of 25 nCi and the cover source has
an activity of 200 nCi. At the time of arrival to the asteroid the activities decay to
8 nCi for each DAM source and 64 nCi for the cover source. A summary of the source
activities are shown in Table C.1.
Table C.1: REXIS calibration source activities.
Location No. of Sources Activity on Assembly Activity on Arrival
DAM 10 25 nCi/2.2 cps 8 nCi/0.42 cps
Cover 1 200 nCi/3.4 cps 64 nCi/0.70 cps
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Appendix D
Radiation Cover Thickness
Requirement
This appendix has been adapted from analysis done by REXIS science team member
Niraj Inamdar and is reproduced with his permission.
The radiation cover thickness was sized based on data provided by a May 2013
NOVICE simulation of the OSIRIS-REx radiation environment incident on a CAD
model of REXIS with appropriate material properties assigned to each part in the
CAD. Assigning appropriate material properties to each part of REXIS is important
for a radiation analysis because as shown in Chapter 4 all materials attenuate X-
rays by a different amount based on their mass attenuation coefficient and density.
Measurements of the simulated radiation environment were taken at 20 evenly-spaced
points on the detector array in five different zones. The configuration of the measure-
ments is shown in Figure D-1. The gray boxes in Figure D-1 are the measurement
points. Measurements were also taken at 15 points in the REXIS electronics box;
these measurements will not be discussed further.
Full proton spectra measured to be incident on the detector plane were made
available from the NOVICE simulation for each of the measurement locations shown
in Figure D-1. The proton spectra were convolved with the non-ionizing energy loss
(NIEL) correction discussed in Chapter 4 to obtain spectra for non-ionizing radiation
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Figure D-1: Location of radiation measurements in NOVICE simulation, shown
in gray.
incident on the detectors. NIEL data for silicon was taken from[56] and is plotted in
Figure D-2 for reference.
For simulation purposes the 20 points were broken up into five zones, also shown
in Figure D-1. The worst-case non-ionzing particle spectrum measured in each zone
(i.e., the harshest environment out of the four measurements in each zone) are plotted
against each other in Figure D-3. After integrating each of the spectra shown in
Figure D-3 it was found that the worst-case non-ionizing dose incident on the CCDs is
1.68 krad(Si). For the OSIRIS-REx radiation environment 1.68 krad(Si) is equivalent
to a flux of 6.31× 1012 MeV protons.
Data from XIS testing were used to determine the appropriate level of attenua-
tion for the worst-case radiation environment predicted by NOVICE. The XIS test
referenced in Chapter 4[44] applied a flux of (2 ± 0.2) × 109 40 MeV protons per
square centimeter (equivalent to a dose of 3.102 rad(Si)) to a back-illuminated CCID-
41. Taking the conservative approach and using a flux of 2.2×109 gives an equivalent
10 MeV proton flux of 2.27×109 protons per square centimeter, using the NIEL values
from [56]. At the dose applied during XIS testing the change in spectral resolution in
the damaged region of the chip with charge injection applied was only 15 eV. The un-
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Figure D-2: NIEL factor for silicon, taken from[56].
damaged REXIS CCID-41 spectral resolution at the nominal operation temperature
of −60 ◦C has been measured to be 207 eV at 5.9 keV. The requirement for REXIS is
260 eV at 5.9 keV.
In the absence of better damage models for the CCID-41, we argue that lowering
the incident flux on the detectors down to the 3.102 rad(Si) applied in the XIS test
is a conservative approach. Adding 15 eV to the undamaged resolution of 207 eV
provides a healthy margin against the requirement of 260 eV. Figure D-4 shows the
NOVICE-simulated dose as a function of the thickness of the radiation cover as well as
the equivalent dose from the XIS test. The two curves intersect at a shield thickness
of 4 mm. Therefore, a 4 mm-thick cover should attenuate the OSIRIS-REx on-orbit
radiation environment down to XIS test levels and sufficiently protect the REXIS
CCDs.
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Figure D-3: Worst case non-ionizing spectra for each of the five zones shown in
Figure D-1.
Figure D-4: Worst-case radiation dose at the REXIS CCDs as a function of
radiation cover thickness.
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